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Abstract 
Barley has been used to brew for centuries, mainly because it can provide a good source of 
starch, which is turned into fermentable sugars during mashing and then the sugars are substrate for 
the alcoholic fermentation that transforms wort into beer. Thus the ability to produce fermentable 
sugars is a desirable trait when selecting barley for brewing. However, the relations between barley 
starch structure and malt qualities have not been well studied. The objective of this research project 
is to develop an understanding of how starch structure in barley grains impacts malt qualities in 
different aspects.  
Starch in germinating barley grains is hydrolysed by endogenous amylolytic enzymes. This is 
crucial in malting and brewing as it partially degrades the starchy endosperm in the malt, which 
makes the malt more likely to produce sugars during mashing. However, the selection of barley for 
malting is currently based on empirical tests without fundamental understanding of the molecular 
changes of starch during germination. The grains from two barley varieties, low dormancy 
(Schooner) and moderate dormancy (Grimmett), were chosen in this study. The grains were 
germinated up to 8 days. Most Schooner grains germinated rapidly with shoots and roots visible 
after 2 days, whereas only a few Grimmett grains germinated. Grain samples were collected at 0, 2, 
4, 6, and 8 days. The results of starch content test indicated a significant reduction of starch in the 
Schooner after 4 days, but no significant changes of starch content were observed in the Grimmett. 
Molecular size distributions of whole branched starch molecules and individual branches in the 
barley samples were obtained using size exclusion chromatography (SEC). Fluorophore-assisted 
capillary electrophoresis (FACE) and nuclear magnetic resonance (NMR) spectroscopy techniques 
were also used to obtain a detailed size distribution of the amylopectin branches and the degree of 
branching, respectively, of the starch in the samples. Near-infrared reflectance spectroscopy (NIRS) 
was used to analyse the samples in order to establish the relationship between the information of 
starch structure during germination obtained from SEC, FACE, NMR and that obtained from NIRS. 
The results show that shorter starch chains are degraded much faster than longer chains during 
germination. This is the first time such observation was made. 
Further study was carried out to investigate the mashing step of brewing. Sugar production is 
the most important aim of mashing. The sugar profile of wort after mashing is crucial to the quality 
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of final beer product.There are several controlling factors in the production of fermentable sugars 
during mashing. Our results indicate that starch structure is one of the controlling factors, as 
different starch structural features lead to different enzymatic degradation rates, and thus affect the 
fermentability of wort. In order to study the role of starch structure in the production of fermentable 
sugars in wort, 9 different varieties of both barley malts and un-malted barley grains were used to 
undergo the mashing step. A number of commercial exogenous enzymes were added for un-malted 
samples. 20 portions of wort were then collected for sugar profile analysis using high-performance 
liquid chromatography. To characterize starch structure, the branched and debranched size 
distributions of starch molecules from the 20 barley malts and grains were obtained using SEC. 
Detailed chain length distributions of the samples were obtained through FACE. The structural 
characteristics of starch crystalline in the samples were described using X-ray scattering. The results 
indicated a significant correlation between structural characteristics of barley starch and the sugar 
profile of wort. Starch molecules with more short chains have a better sugar production during 
mashing, probably due to the fact that shorter starch chains are degraded much faster than longer 
ones given the same conditions.  
A third study was carried out to search for the potential correlations between starch structure 
and barley dormancy level. Nine barley varieties were selected for starch structure characterisation 
and dormancy level measurement. The results suggest certain correlations between starch fine 
structure and dormancy level of barley. However the statistical significance of the correlations are 
not enough to confirm any definite relations, which means either there is no correlations at all, or 
that the samples size in the third study is not big enough to provide a significant result.  
With the new knowledge about the role of starch structural in the process of beer brewing, we 
can provide brewers and breeders with improved methods to select or even grow more suitable 
barley for the beer they wish to produce.  
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1. Chapter I: Introduction 
1.1. Barley  
1.1.1. Barley in the world 
Barley is one of the most common cereals in the world. There is evidence that barley had been 
grown in the Iraqi piedmont in 7000-6500 B.C. The origin of barley is believed to be the Fertile 
Crescent in the Near East, which includes present Israel, Southern Turkey, eastern Iraq and 
surrounding areas [Newman and Newman 2006]. Barley is the fourth widely grown in both 
production and area of cultivation of cereal crops in the world. Barley has a total area of cultivation 
each year around 50 to 80 million hectares. World barley production has risen from 100 million 
tonnes to about 150 million tonnes over the last 40 years [Li 2009]. According to the United States 
Department of Agriculture, the annual world production of barley reached 125 million tonnes by 
March 2011. As a very versatile cereal crop, barley has been produced in the areas with sub-Arctic 
to subtropical climates [Gupta and Khandekar 2003]. It is widely accepted that barley is the most 
adaptable cereal. In fact, a big contribution to the world’s barley production is from regions that are 
not suitable for maize and rice growing [Li 2009]. Based on spike morphology, barley can be 
classified into two types: six – rowed and two – rowed barley..  
 
1.1.2. Barley in Australia 
In Australia, most barley farmers grow a 2- row spring barley crop. The reports from the 
Australian Bureau of Agricultural and Resource Economics (ABARE) show that the average annual 
barley production of Australia is around 7 million tonnes over the last few years and the area of 
cultivation is almost 4 million hectares. Australia’s barley grain production makes up around 5% of 
the annual global barley production. Barley crops grow in regions widely dispersed from Western 
Australia to southern Queensland. Out of the total production, 2.5 million tonnes of barley grains 
are selected as malt. Around 4 million tonnes of barley grains are used as animal feed. The domestic 
malting barley consumption is around 850, 000 tonnes each year and domestic demand for barley 
feed is around 2 million tonnes per year. Because of the high quality of barley grains produced 
within the country, Australia is one of the world’s major exporting nations on the global barley trade 
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market. The malting selection rate of Australia’s barley is highest among all the exporting countries 
with 35-40% of the national barley grains selected as malt. Each year, Australia exports around 1.65 
million tonnes of malt barley and 2.1 million tonnes of feed barley, which account for around 32% 
of the world’s malting barley trade and 20 % of the world’s feed barley trade respectively.  
 
1.1.3. Barley uses 
 Barley has many uses: as animal feed; as human food; and as malt to brew alcoholic 
beverages. 70% of world barley consumption is for animal feed. 14% of barley is used for human 
food and 16% is used for seed, malting or other industries [Li 2009]. As one of the four major 
animal feed grains, barley is an essential source of energy, protein and fibre for livestock. In certain 
regions, including North Africa, Near East and the highlands of Central Asia, barley is also a staple 
food for humans. Nowadays in developed countries, only a very small amount of barley is used as 
human food. If the barley grains are clean, bright yellow-white, plump, thin-hulled, medium-hard, 
and uniform in size, they generally can be suitable for human food [Pomeranz 1973]. In Western 
countries, a small portion of the barley grain production of some hulled varieties (covered varieties) 
are traditionally processed to food [Pomeranz 1973]. Malt is the second biggest use of barley grains. 
Malting barley grains have a long history. Historically, barley was popular for malting because of its 
relatively good availability. Several desirable features of barley grain are the reasons why it remains 
as the No.1 cereal in the modern beer brewing industry. When given optimal environmental 
conditions, barley grains germinate more uniformly due to the tightly cemented lemma and palea 
structures of the barley kernels which protect the embryo during grain handling process [Li 2009]. 
Another advantage of barley grain as malt is that barley kernels are able to retain firmness after 24 
hours of steeping in water, which is the first step of brewing. This means that barley grains can be 
handled at high moisture content with lower risk of damage, compared with wheat and rye [Burger 
and Laberge 1985]. Furthermore, the hulls of barley kernels provide additional help when filtering 
the brewing mash.   
The high quality starch source in barley grain is one of main reasons that barley is in demand 
around the world. The structure of starch in barley determines the properties of starch itself and 
therefore, the properties of whole barley grains. A large amount of study has been done on starch 
structure, however, the relation between the starch structure and the properties of products (malt, 
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food) is still relatively unknown. The understanding of this relation will potentially lead to the 
development of new methods of selecting barley grains that yield optimal desirable characteristics 
of products.  
.  
 
1.2. Starch  
1.2.1. Starch and grain structure introduction 
 
   Hierarchically, starch structure in barley grain can be divided into six levels. level 1: individual glucosyl 
chains, level 2: starch molecules, level 3: starch lamellae, level 4: starch growth rings, level 5: starch 
granules and level 6: whole grain (Figure 1.1) 
.  
 
Figure 1.1: The 6 levels of starch structure in cereal grains (from RG Gilbert and A 
Reeve).  
 
1.2.2. Starch molecular structure: Levels 1 and 2  
 
Starch is an extraordinarily complex natural homopolymer of glucose units. The starch 
molecules in cereal grains are all made up of glucose units connected through α (1-4) (linear) and α 
(1-6) (branched) glycosidic bonds. The two types of bonds connecting the anhydroglucose 
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monomer units is shown in Figure 1.2.    
 
 
 
 
 
.  
Figure 1.2: Glucose monomers connected through α (1-4) and α (1-6) glycosidic bonds in 
starch molecule (provided by Syahariza Zainul) 
 
  Starches from cereal grains all comprise two types of branched glucose polymers: amylose 
and amylopectin. They are significantly different from each other in terms of molecular weight, 
branching structure, solubility and digestibility. Amylose is a mostly linear polymer composed of 
α-D- glucopyranosyl chains connected via α- (1,4) linkages, with a few long-chain branches. 
Compared to amylose, amylopectin is a much larger and highly branched molecule with higher 
molecular weight and with much shorter branches. There are side chains attached to some of the 
linear α-(1, 4)- bonded glucose units via α-(1, 6) linkages. Amylose molecules normally have an 
average molecular weight around 10
6
, while the average molecular weight of amylopectin 
molecules is about 10
8
 or above [Mua and Jackson 1997]; both molecules have a broad distribution 
of both molecular size and molecular weight.  
   Amylose usually accounts for around 15% to 30% of the total starch amount in barley 
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grains, depending on the variety. In normal native starch, amylose is often the minor component. In 
some cases of cereal mutants, however, the amylose content of total starch can be up 90%. Each 
amylose molecule has about 3 to 11 branches, of which the DP (degree of polymerization) is around 
200 – 700 [Yoshimoto et al. 2000]. In some cases, the branch DP can reach up to 104. Some mutants 
contain essentially no amylose: waxy mutants. 
   The amylopectin content in normal cereal starch is about 70% to 85%. Although 
amylopectin molecules are much bigger than amylose, the average length of branches in 
amylopectin is 18- 25 DP, which is much shorter than that in amylose.  A clustered branch 
structure is a feature of amylopectin molecules. Based on the chain lengths and positions in the 
clusters, the branches can be generally classified into A, B and C chain groups [Peat et al. 1952]. 
The A chains are the shortest branches with average DP from 6 to 16, carrying no other branches 
and occupying an outer position in an amylopectin molecule. The B chains are longer branches with 
DP range from above 20, carrying one or more branches and occupying an inner position in an 
amylopectin molecule. Every amylopectin molecule only has one C chain which involves a 
reducing terminal glucose residue. The C chain is an important factor in the production of B chains.   
  
 
1.2.3. Starch lamellae: Level 3 
 
Alternating amorphous and crystalline lamellae in starch semi- crystalline structure are formed 
by the clusters of amylopectin molecules. The shorter branches of amylopectin are confined in 
lamella, and the longer chains span more than one crystalline lamella. Two lamellas together are 
about 9 nm thick [Jenkins et al. 1993]. Some of the longer B chains (typically DP above 30) are 
trans-lamellar. The amorphous lamellae is where the most of branching points are located, while the 
double helices of amylopectin outer chains are present in the crystalline lamellae[Tester et al. 2004]. 
The A chains and some of B chains play important roles in forming most of the double helices of 
starch molecules. In each cluster, double helices are arranged in a parallel form to produce 
crystallites. Normal cereal starches have degrees of crystallinity in their native form ranging from 
30% to 50%, varying among different botanical origins.  
    Amylose is located between the amylopectin clusters. At level 3, Amylose is normally in 
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an amorphous form in cereal grains including barley. It is denser at the outer layer of starch 
granules[Jane 2006]. In the crystalline lamellae, the amylose chains may form hydrogen bonds with 
the amylopectin chains, causing some disturbance in the double helical structure.  
 
1.2.4. Starch growth rings: Level 4 
 
    The starch crystalline growth rings are formed by the amorphous and crystalline lamellae 
[Donald 2001]. There are amorphous growth rings and crystalline growth rings. They share similar 
thickness and size. At the larger end of starch granule, the initiation point of starch granule 
biosynthesis can be found, called the hilum, of which the structure is still relatively unknown at 
present. 
 
1.2.5. Starch granules: Level 5 
 
    The starch granule is one of the main components of the endosperm, which accounts for 
most of barley grain dry weight and plays an essential role in grain germination. A whole starch 
granule is formed by the starch crystalline and amorphous growth rings and hilum together. Besides 
starch, the granules also contain some other components e.g. protein and nucleic acids at low 
percentage (around 5 to 8%). The average size of starch granules are expressd as the surface 
weighted mean value, which means the diameter of a sphere with the same ratio of volume to 
surface area. The size and shape of starch granules vary (diameter: 1 to 100 μm, shape from rodlike 
to disk-shaped) depending on botanical origins and environmental factors. In barley, starch granules 
can be divided into small and large two groups [Peng et al. 1999]. There are more small granules 
than large ones.  
 
 
1.2.6. The whole grain: Level 6 
   
At maturity, barley grain comprises three main parts, the embryo, the endosperm and the husk 
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(Figure 1.3.) The grain sizes of most of barley crops in Australia range from 2.2 mm to 2.8 mm. The 
grain size here is defined by the width of the thickest part of the kernel. The embryo is the main 
living organ in the grain, and the endosperm is a non-living storage tissue which provides the 
protein and carbohydrates (e.g. sugar and starch) that the embryo needs to grow at the initial stage 
of germination. The scutellum is a thin layer of cells that are located between embryo and 
endosperm. The scutellum is believed to transfer nutrients from the endosperm to embryo during 
germination and plays a role in the initiation of germination of barley grain. The endosperm is 
surrounded by the aleurone which is a layer of living cells. The husk is one of the tissues 
comprising the outer layer that serves as protection for barley grain. 
  
Figure 1.3. Typical structure of barley grain  
     
   During the germination time, the various tissues have different functions. The embyro is the 
most important living tissue in a barley grain because it initiates the germination of grain when the 
grain absorbs water. Besides the endosperm’s importance in the process of germination, the 
endosperm is also crucial for beer brewing since it contains the starch that can be hydrolysed to 
sugars which are then used as substrate for alcoholic fermentation. If the barley grains are used for 
brewing, the aleurone and scutellum cell layer synthesise the degrading enzymes which are the key 
factors in the mashing step of brewing process [Macgregor and Matsuo 1982].  
   The chemical composition of endosperm involves four main components in the endosperm: 
starch, non-starch polysaccharides, protein and lipid. Starch accounts for 50% to 60% of total barley 
grain dry weight. The non-starch polysaccharides comprise 2% ~ 7% of total grain weight [Henry 
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1987]. 75% of the non-starch polysaccharides in barley are β-glucan and the rest 25% are mainly 
arabinoxylans. The non-starch polysaccharides are from the cell walls in barley endosperm. The 
protein content of barley grain is around 8% ~ 16% based on the dry weight, and the lipid content is 
only around 2% ~ 4%. Because of the essential role endosperm plays in germination, the 
composition of endosperm is directly related to the quality of products (e.g. malt).  
 
 
1.3. Barley in brewing and malting  
     
1.3.1. Outline of brewing   
 
Both malted (germinated) cereal grains and raw cereal grains can be used to prepare beers or 
other beer-like beverages. A simple outline of brewing beer involves (a) malting and mashing: 
malted (or raw), milled cereal grains (mostly barley) being incubated and extracted with warm 
water. In some cases, some other starchy materials and enzymes are added into the ground malt. (b) 
The sugar rich solution obtained is boiled with hops, then clarified and cooled. The hops can 
provide the bitter taste and special aroma to beer product. (c) Yeast is added to ferment the cooled 
liquid. Yeast is responsible for the alcoholic fermentation that converts sugar into alcohol. (d) The 
beer is then clarified, packaged and served while effervescent with escaping carbon dioxide. There 
are various different systems of brewing in use; however, the principle is always the same as above.   
 
 
1.3.2. Barley grains as malt 
 
   Brewers use selected cereal grain to produce malts. Barley is usually used, but sometimes 
other cereal grains like wheat and rye can be used as well. The barley grains are cleaned and then 
germinated under controlled conditions. The preparation before germination is “steeping”, which 
means immersion in water for a period of time, normally about 24 hours or above. During the 
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steeping, the water needs to be changed at least once. Between two cycles of immersions in water, 
air can be sucked through barley grains to provide oxygen. Then the barley grains are germinated to 
a limited extent in a cool (18 ~19 °C), moist atmosphere. After some time of germination, the 
acrospires and rootlets develop from the grains. Degradative enzymes are synthesized and activated 
at this point, along with many other enzymes needed for development. The amount of sugars and 
other soluble materials increases to certain level. The protein and cell wall polysaccharide are 
largely hydrolysed during germination, also called “modification”, the starchy endosperm is also 
partly degraded [Chu et al. 2014], and its physical strength softens. When germination and the 
modification of starch in endosperm are sufficient, the whole process is stopped by drying the 
grains. The barley gains are dried and briefly roasted using warm air at low temperatures to 
preserve the degrading enzymes. After drying the malt is cooled and stored before mashing. Despite 
many years of research on malt, the knowledge of changes in starch structure on the molecular level 
in barley malt is incomplete. Filling this gap is one of the objectives in this work.  
 
 
      
1.3.3. Enzymes in barley malt 
 
In barley malt, there are four enzymes directly related to the hydrolysis of starch: α-amylase, 
β-amylase, limit dextrinase and α-glucosidase [Arends et al. 1995]. Most of these enzymes are 
synthesised during germination, except β-amylase, which is present in resting barley and is 
activated during germination. Barley malt is the main source of the diastatic power which comprises 
the combined activity of these starch degrading enzymes in malt. The properties of starch degrading 
enzymes are of great importance to the efficiency of beer brewing and bio-fuel industries, since 
these enzymes hydrolyse starch into fermentable sugars that yeast can convert into alcohol.  
α-amylase is an endohydrolase that randomly hydrolyses α (1-4) glucosidic bonds in starch. 
The release of α-amylase starts from scutellum and moves on to the aleurone layer, so hydrolysis of 
starch begins in the outer endosperm. The level of α- amylase is highly dependant on gibberellic 
acid (GA). GA can stimulate the synthesis of α-amylase. α-amylase primarily produces 
oligosaccharides, limit dextrins and some fermentable sugars.  
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β- amylase is a type of exoenzyme that breaks down α- (1,4) linkages in starch to release the 
disaccharide, maltose, from the non-reducing end of amylose and amylopectin. This enzyme alone 
catalyses the hydrolysis of about 70% of amylose and 50% of amylopectin in barley starch 
[Hoseney 1986].  
Limit dextrinase hydrolyses the α- (1-6) glucosidic linkages in amylopectin or limit dextrins. 
This enzyme produces a number of smaller linear oligosaccharide chains that then can be 
hydrolysed by α- amylase and β - amylase.  
α-glucosidase catalyses the hydrolysis of maltose and higher sugars to release a single glucose. 
Under mashing pH conditions, the activity of α-glucosidase is reduced and limited. It is suggested 
this enzyme’s activity might depend on the activity of amylase [Blomberg et al. 2002]. The 
importance of α- glucosidase in malting and mashing has not been described clearly. 
Non-starch degrading enzymes also play important roles in the process of malting. During 
malting, β- glucanase hydrolyse β- glucan from the cell walls. And proteinase degrades the storage 
protein in barley grains. The influence of both of the enzymes on beer quality is well known. In the 
process of mashing, both enzymes help with the hydrolysis of starch by making the starch more 
accessible to the starch degrading enzymes.  
 
 
1.3.4. Mashing and wort separation 
      
    In order to create conditions for enzymes to degrade the starch and dextrins to soluble 
sugars, a mash needs be kept at a certain temperature for a pre-calculated time, or at different 
temperatures for different periods of time (pre-determined), in the meantime, the proteins break 
down, the nucleic acids and other substances are also degraded. All mashing processes take place in 
a mashing tun, the most common mashing system is called “infusion mashing”. After mashing, the 
sweet wort (the solution of carbohydrates, such as glucose, sucrose etc.) is produced from 
separating the un-dissolved solids, such as hull etc. Mashing of malts/barley is carried out in the 
same vessel where the sweet wort is separated from un-soluble solids. The roughly ground cereal 
grains, often comprise mostly just modified barley malt (or un-malted barley grains if enzyme 
brewing method is applied), are mashed to provide a considerably thick mash at the temperature of 
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63 to 67 °C [Bamforth and Hughes 1998]. The extraction can go on for 30 minutes to two and a half 
hours. Then the wort (sugar rich liquid) is withdrawn from the mash. The fresh wort is collected in a 
storage vessel after filtration through a lauter tun with mash filter, or it can be moved directly to a 
copper where it will then be boiled with hops. A large amount of research has been done on how the 
enzymes, temperature and pH play important roles in the determination of the total fermentable 
sugars in wort. However, the impact of barley starch structure on the production of fermentable 
sugars during mashing has not been understood. As the substrate, starch plays an important role in 
the conversion process of whole starch to sugar. Hence, starch structure is possibly one of the 
factors controlling the production of total fermentable sugars in wort.  
 
 
1.4. Properties of barley malt 
1.4.1.  Malting barley grains quality 
 
Malting barley grain quality can be described by stating the impacts of the malting process on 
the components (including enzymes) in the malt. There are several standards for selecting desirable 
malting barley grains, such as husk thickness, grain size, protein content, starch content, non-starch 
polysaccharides content, the level of dormancy and enzyme production (diastatic power). A number 
of the traits like protein and starch content can be easily measured by current methods, e.g. 
near-infrared reflectance spectroscopy (NIRS). Barley grains with the optimum combination of 
these physical and composition traits usually produce higher hot water extract, resulting in better 
fermentability of wort. On the other hand, certain traits, such as the level of dormancy and enzyme 
production, cannot be predicted through current analysis of the barley grains, although these traits 
are of great interest to brewers and malt quality researchers. Barley grains with certain level of 
dormancy are preferred for malting to prevent pre-harvest sprouting, on the other hand, barley 
grains with high dormancy are not desirable because they need to be stored for longer periods 
before they are able to germinate and produce degradative enzymes needed for hydrolysis of starch 
[Bradford 2007]. Moreover, it is well-known that malt degrading enzymes have a great impact of 
fermentability of barley grains. Hence, one can say that the ultimate trait of desirable malting barley 
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grains is the production of total fermentable sugars (fermentability of wort).  
 
1.4.2. Seed dormancy and control factors 
 
Seed dormancy is defined as a state of plant seeds that prevents germinating under optimal 
environmental conditions. Unlike biochemical components, dormancy can not be isolated and 
measured from barley grain. There are several theories for seed dormancy. The location of 
dormancy (location of block) may either be within the embryo of seed or controlled by the tissues 
that surround the embryo (e.g. endosperm). In some species, dormancy is controlled by both the 
embryo and the tissues surrounding it. Sometimes germination can be seen as the result of the two 
opposing forces: the embryo trying to sprout and the restraints by the surrounding tissues within the 
seed. In the case of embryo dormancy, any genetic defects of embryo might be of significant 
importance. It has been reported that four gene regions are possibly related to dormancy: Seed 
Dormancy (SD) 1 and 2 on chromosome 5H, SD 3 on 7H and SD4 on 4H [Han et al. 1999]. In the 
case of “coat-imposed” dormancy, the conditions of the surrounding tissues are the determinants. 
Both the mechanical and chemical features of surrounding tissues might affect the completion of 
germination. The mechanisms of this type of dormancy are still largely unknown. Moreover, the 
causes of seed dormancy might be different for individual species. In some cases, the environmental 
factors control the dormancy of seeds[Benech-Arnold et al. 2000], while some other seeds might 
comprise the testa that gives a mechanical restraint to embryonic development. However, for  
certain cases, the dormancy may be controlled by chemical inhibitors in the seeds [Baskin and 
Baskin 1998]. Therefore, the reasons of dormancy for different cases may be very different.  
 
1.4.3. Seed dormancy and starch structural properties 
 
As the dominant component of barley grain, starch may well play a role in the determination of 
seed dormancy. Among all the environmental conditions required for seed germination, supply of 
water is of the most important. Water initiates the germination of seeds and stays as the most 
important material at any time of plant development. Therefore, the barley grains’ ability to absorb 
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and hold water within the kernel is crucial for seed germination. Since starch accounts for 50% to 
60% of dry weight of barley grains, starch’s ability to absorb and hold water has an impact on the 
amount of water that a whole barley grain can absorb and keep. When barley grains are in contact 
with water (e.g. malting), they quickly absorb water and swell to keep more water in the kernels. 
During this process, starch in grains absorbs water and swells too. As mentioned in the previous 
section 1.2, there are amorphous and crystalline lamellae in the starch granules in cereal grains. The 
amorphous regions of starch can easily absorb water and swell (holding water). On the other hand, 
the crystalline regions do not interact with water molecules and stay the same as long as starch 
gelatinization does not take place. Starch gelatinization is the loss of crystalline structure of starch 
granules, and occurs when starch granules are heated in excess water at a high temperature [Jenkins 
and Donald 1998]. The gelatinization temperature of normal starch is usually between 50℃ to 
80℃. The temperature of normal malting conditions is 18 ℃ to 19℃, so starch gelatinization is 
not likely to take place in barley grains during malting. This means that the degree of crystallinity of 
the starch has an unavoidable impact on barley grains’ ability to absorb and hold water during 
malting. The degree of crystallinity of normal starch ranges from 30% to 50% depending on the 
botanical origins [Tester et al. 2004]. Considering the essential role of water in seed germination, 
there is a possible relation between crystallinity of starch and the level of barley grain dormancy. 
Because both the crystalline and amorphous lamellae depend on the level 1 and 2 of starch structure, 
the possible relation actually is more between various aspects of starch structure and barley grain 
dormancy (for example, the chain-length distribution and whole-molecule size and structure may be 
influences [Tester and Morrison 1990]).  
 Moreover, the endosperm has certain level of hardness restricting the embryo [Bauer et al. 
1998]. Grains can not sprout until the thick endosperm is degraded to certain extend by hydrolytic 
enzymes. As a major component of the endosperm, starch structure has an impact on many 
properties of the endosperm, including enzymatic degradation rate. 
To sum up, starch structure may be related to the level of barley grain dormancy. However, no 
research has been done on the possible importance of starch structure to the level of barley seed 
dormancy. One of the objectives of this project is to find out whether starch structure plays a role in 
the determination of barley seed dormancy.  
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1.4.4. Total fermentable sugars in wort 
 
   In the process of brewing, the efficiency of alcohol production is governed by the added 
yeast and the fermentability of the wort. The chemical composition of wort is complex; it contains 
fermentable sugars, limit dextins, amino acids, proteins, lipids, non-starch polysaccharides, minerals 
and other substances. The fermentable sugars include maltose, maltotriose, glucose, sucrose, 
fructose. Non-fermentable sugars are mainly resistant dextrins. The total amount of fermentable 
sugars is a major factor in the determination of fermentability of the wort. The content of other 
nutritional components required for yeast vigour is also of importance. In the production of whiskey, 
the ideal conversion rate of starch to fermentable sugars is 100%, because the yield of alcohol is a 
critical characteristic of the production efficiency of whiskey. However, in beer brewing, the ideal 
fermentability of wort depends on the style of beer being produced. This can be different in 
different regions, according to local preferences. This is because that some components of the wort, 
such as limit dextrins, remain in the mixture after alcoholic fermentation and also determine the 
consumer perception of beer body and mouth-feel [Langstaff and Lewis 1993]. Barley malt is a 
relatively expensive ingredient as it requires controlled grain germination and uses large amounts of 
energy and water. For this reason, some brewers in North America use mainly  un-germinated 
cereal grains as starch sources. This type of unmalted cereal grains include barley, wheat, maize and 
rice. If these raw materials are used, commercial exogenous enzymes need to be added during 
mashing to promote the hydrolysis of starch. In this case, the fermentability of wort depends on the 
starch in raw materials and the activity of the added commercial enzymes. Of course, there are other 
factors having an impact on fermentability, such as fermentation conditions and yeast strain      
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1.4.5. Prediction of fermentability of wort 
 
   Over the years, brewers and malt quality researchers have been trying to develop methods 
to predict potential malt fermentability from the activities of the starch degrading enzymes (diastatic 
power) under certain mashing conditions (e.g. temperature and pH). The diastatic power of malt is 
considered as an overall measurement of potential starch degrading activity, which is mainly 
controlled by α-amylase, β-amylase and limit dextrinase [Evans et al. 2008] [Evans et al. 2009]. 
Some progress has been made towards this direction; however, enzymatic activity is just one aspect 
in the control of the production of fermentable sugars during mashing. As the substrate in the 
conversion, starch may also have an important role in the determination of wort fermentability; for 
example, it has been reported that a starch gelatinisation temperature in excess of 64 °C could lead 
to a reduction in the levels of wort fermentability [Hamalainen et al. 1997]. Nobody has yet looked 
at the potential importance of starch structure in this matter. In fact, the ratio of amylose and 
amylopectin differs among barley varieties. This ratio is also one of the determininants of the ratio 
of α-(1-4) linkages and α-(1-6) linkages in barley starch, which also differs from one variety to 
another. As mentioned before, α-amylase, β-amylase and limit dextrinase work in different ways 
and hydrolyse different linkages in starch. Therefore, the ratio of α-(1-4) linkages and α-(1-6) 
linkages in barley starch may have an impact on the result of fermentable sugars production. Most 
of brewers use temperatures that favour α-amylase, β-amylase, but not limit-dextrinase, which 
hydrolyses α-(1-6) linkages. So the structure of amylopectin, where there are typically one such 
linkage every 17–20 monomer units, could be of importance during mashing. Genetic difference 
between barley varieties result in the diversity of the structure of amylopectin, which may be one of 
factors in the determination of which component converts most readily to convert to fermentable 
sugars and which to resistant dextrins. Understanding the role of starch structure in the production 
of fermentable sugars during mashing will give insights in developing methods to predict potential 
malt fermentability.    
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1.5. Starch structure and malt properties analysis methods 
1.5.1. Size exclusion chromatography 
 
    Size exclusion chromatography (SEC) is a chromatographic method to separate molecules 
by their size, or more accurately, on their hydrodynamic volume (Vh). This is the assumption of 
universal calibration, which means the separation is solely by Vh and does not depend on the nature 
of polymers [Cave et al. 2009]. SEC is widely used to purify and characterize polymers. In SEC 
systems, there are columns with packing materials containing pores in them. When sample 
molecules are carried through the column by the mobile phase, smaller molecules are capable of 
diffusing into the pores in the SEC columns, forcing them to take a longer pathway and therefore 
flowing out more slowly. Larger molecules, on the other hand, cannot diffuse into the smaller pores 
and therefore flow out faster. The mobile phase used for this study is dimethyl sulfoxide. The 
columns used are GRAM 30 and GRAM 3000 (Polymer Standard Services, Mainz, Germany) for 
whole starch molecules; GRAM 100 and GRAM 1000 for debranched starch. After the separation, 
three detectors can be used to analyze the characteristics of sample molecules: differential refractive 
index (DRI), viscometer and multiple angle laser light scattering (MALLS) detector. Signals from 
DRI detector can be used to construct the weight size distribution (effectively the total weight of 
molecules of a given size), and signals from viscometer detector are used to construct the number 
distribution of sample molecules (the number of molecules of a given size). DRI and MALLS 
signals together are  used to construct the weight-average molecular weight distribution (the 
weight-average molecular weight of molecules of a given size), while the number-average 
molecular weight distribution is constructed by the combination of DRI and viscometry signals. 
Although SEC is a common technique for macromolecule separation, it is only suitable to analyze 
starch molecules with small or medium size (e.g. amylase and debranched starch molecules). The 
analysis of amylopectin by SEC is not accurate, due to the unavoidable shear scission of large 
molecules when being separated in the column [Cave et al. 2009]. However, when the different 
samples are analyzed under the same conditions, the effect of shear scission should be the same for 
every sample, hence, the size distribution data collected from SEC is still useful in the 
semi-quantitative comparison of the size distributions of amylopetins from different sources.   
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A particular problem here is that SEC characterization requires the molecular-level dissolution 
of starch without inter-molecular association and without damge cause by the dissolution process. 
The Gilbert group has developed unique technique for this, involving complex dissolution protocols 
with dimethyl sulfoxide/LiBr as solvent [Syahariza et al. 2010; Tran et al. 2011], and equipment, 
icnlduing detectors, which can handle this harsh solvent system while still giving acceptable signal: 
noise ratios.      
 
 
1.5.2. Batch-mode MALLS  
 
   MALLS is a technique used to determine the weight-average molecular weight –Mw nd 
average radius of gyration Rg of a polymer, As stated, the problem with using SEC to find size 
distributions of starch is that the largest molecules (amylopectin) suffer from unavooidable shear 
scission. Using MALLS in batch mode, i.e. without size separation, means that the samples are 
directly injected into the detector without separation. While this does not measure distributions, it is 
at present the only method which can give any size characterization of amylopectin. The batch 
mode MALLS in the Gilbert’s group comprises the following things: SLD 7000 MALLS detector; 
syringes and syringe pump; HPLC grade DMSO and reagent grade (pure) DMSO; 5.0 μm Nylon 
membrane filter for starch in DMSO or DMSO/LiBr; 0.45 μm Hydrophilic PTEE membrane filters 
for starch in water; Pullulan 112,000 Da standard and a computer connected to the MALLS detector. 
Reducing the data to –Mw and Rg makes use of a Zimm plot (which is better than a Berry plot for 
amylopectin, an example is shown in the previous publications) [Burchard 1999; 2005]. Before 
measuring the starch samples, an isotropic scatterer prepared with pullulan 112,000 is used for the 
calibration of MALLS. The flour samples need to be extracted and dissolved in DMSO/LiBr before 
analysis. The starch solutions then need to be diluted to six or seven different concentrations. The 
concentration range for each type of starch can be different. A quick preliminary batch MALLS 
measurement only on several concentrations is very useful to find the proper range of 
concentrations for each starch type. The diluted starch dispersions with different concentrations are 
then injected into batch mode MALLS. Data are collected from all angles in the detector. 
BI-ZPMwA software is used to control the batch mode MALLS and to calculate the –Mw and Rg of 
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samples.    
 
 
1.5.3. Fluorophore-assisted capillary electrophoresis 
 
Capillary electrophoresis (CE) is an electrophoresis technique that separates particles by their 
size to charge ratio. Fluorophore-assisted capillary electrophoresis (FACE) is a special kind of CE, 
as it is equipped with a laser-induced fluorescence detector to analyse the fluorophore-labelled 
analyte. The FACE technique can be used to analyse debranched starch with high resolution [Morell 
et al. 1998; Wu et al. 2014]. Usually the debranched starch samples are labelled with 
8-amino-1,3,6-pyrenetrisulfonic acid (APTS) at each reducing end, of which there is only one per 
molecule, these molecules being separated branches and therefore linear. The charged starch chains 
are separated in an applied electric field. The fluorescence detector can detect the APTS label, and 
therefore can provide a number distribution of debranched starch chains. SEC can also be 
performed on debranched starch. Compared to the distributions collected from SEC system, the data 
from FACE analysis is more detailed. FACE analysis on debranched starch has a resolution up to 
DP 80[Castro et al. 2005b] and detects individual chains (base-line separation). While SEC goes to 
much higher DP (indeed, any DP), it suffers from band-broadening: a perfectly monodisperse 
sample gives a signal of finite width. While this is not a problem for determining averages, it 
changes the shape of the distribution, and thus SEC data cannot be used for interpetative models 
which require accurate shapes, such as that of Wu and Gilbert [Wu and Gilbert 2010].   
 
1.5.4. Nuclear magnetic resonance 
 
Nuclear magnetic resonance (NMR) is a well-known technique used to determine the specific 
chemical bonds within a molecule. In the case of starch analysis, NMR can be used to measure the 
degree of branching. While this same quantity can also be obtained in principle from the average of 
the number distribution of debranched starch, either from SEC or FACE, NMR gives this average 
with samples over any DP range without the problem of band broadening. The principle of NMR 
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measurement is that the some atoms (especially hydrogen) contain nuclei that have spin. When a 
powerful magnetic field is applied, the spin of the nuclei becomes aligned with the direction of the 
magnet. Those with spin up then have slightly different energies from those with spin down. In 
NMR, a radio frequency is applied to the sample, which then enables this small energy difference to 
be measuered with great accuracy (this absorption of radio-frequency radiation is the same as the 
absorption of visible/UV light in a visible/UV spectrometer). This also measures the time they need 
to return to their alignment with the magnet force. The environment caused by different bonds to a 
given atom (e.g. a hydrogen atom in a –CH3 group compared to that in a –CH2– group) then gives 
information on the bonding: in particular, how many linear vs. branched links there are in a starch 
sample. Signals from NMR spectrum are readily obtained with high accuracy, and the consistency 
and reproducibility of the measurements are very good. In the project, 500 MHz 
1
H NMR is used to 
quantify the α-(1-4) bonds and α-(1-6) bonds in starch molecules (usinmg an technique developed 
by Tizzotti [Tizzotti et al. 2011] which improves the accuracy of the original method of Gidley 
[Gidley 1985]). The degree of branching of starch in the samples can be calculated using the ratio of 
α-(1-6) bonds to the combination of α-(1-4) bonds and α-(1-6) bonds in starch molecules. Each 
α-(1-6) link means there is a starch branch, the combination of α-(1-4) bonds and α-(1-6) bonds 
represent the total number of glucose units and the ratio of the two can be used to calculate DB.    
 
 
1.5.5. Near-infrared reflectance spectroscopy 
 
Near infrared reflectance spectroscopy (NIRS) is a common tool used by many brewers and 
food companies. The theory of NIRS is based on molecular overtone and combination vibrations. 
NIRS can empirically correlate features in the spectral data (in the region about 8000 nm to 2500 
nm, which contains a huge number of lines) with the properties of the target compound. Because the 
molecular overtone and combination vibrations in the near-infrared region are normally very broad, 
the spectra can be complex and overlayed, resulting in the difficulty of assigning specific features to 
specific chemical components, whence the need for the correlation to be empirical. In spite of this 
disadvantage, NIRS is one of the most cost effective and fastest technologies available to the food 
industry. Using carefully developed calibrations, NIRS can be very useful in quantifying the 
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component of interest in even unknown samples with little or no sample preparation [Wust and 
Rudzik 2003]. Usually brewers use NIRS to measure some chemical components in the malting 
barley grains (e.g. protein content, starch content, moisture content), in order to select suitable 
materials to produce malt. Unfortunately NIRS is not capable of giving information about the starch 
structure in barley grains yet. One expected outcome of this project is the development of a set of 
new calibrations that may correlate the spectral information with certain starch structural features, 
which are potentially related to the desirable properties of whole barley grains.  
 
1.5.6. High-performance liquid chromatography 
 
   High-performance liquid chromatography (HPLC) is a chromatographic technique that 
separates a mixture of chemical compounds to identify, purify and quantify the individual 
components of the mixture. Normally an HPLC system comprises several types of stationary phases 
(only one phase used for each analysis), a pump providing pressure for the mobile phases, a column 
that analyte goes through, and a detector that gives a characteristic retention time for the analyte. 
For this project, a HPLC system (Agilent 1100; Agilent Technologies, Waldbronn D-76337, 
Germany) is used to identify and quantify the fermentable sugars in wort, and also to measure the 
sugar content in the malted barley grains. The HPLC is  equipped with a column designed for 
sugars (Prevail Carbohydrate ES 5 µm column, 250 × 4.6 mm, Grace Davison Discovery Sciences, 
Australia). A series of sugar standards were used in the analysis, including most of the fermentable 
sugars in wort such as maltose, maltotriose, glucose, sucrose and fructose. More details of the 
method can be found in the previous publications [Waramboi et al. 2011]. 
 
 
1.5.7. Protein, total dietary fibre, total starch and amylose contents measuring techniques  
 
The nitrogen contents of the barley grain samples are analysed in duplicate using a LECO CNS 
2000 autoanalyzer (LECO Corporation, St. Joseph, MI, USA). The protein content is calculated 
from the nitrogen content using a conversion factor of 5.5 [Mosse 1990]. The total starch contents 
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of barley samples are analysed using the Megazyme Total Starch Assay Kit in duplicate. The barley 
flour samples are digested by the commercial enzymes in the kit. The glucose released after the 
digestion is determined following the instructions of the kit, and corrected to give the percentage of 
dissolved starch using calculation rules from the kit. The amylose contents of the starches in the 
barley samples are measured in duplicate using the method of Hoover and Ratnayake [Ratnayake 
2001], with modifications, which include the following: iodine stock solution is prepared by mixing 
iodine (1 g, APS chemicals) and potassium iodide (10 g, APS chemicals) in acetate buffer (1 L, 0.1 
M, pH 5.0). The iodine stock solution needs to be diluted ten times before use. The flour samples 
are incubated with methanol for 3 hours for defatting. And the defatting process needs to be 
repeated for 2 or 3 times. The amount of dietary fibre in flour samples are measured using the 
Megazyme Total Dietary Fibre Assay Kit with duplicates. The barley flours are digested with starch 
and protein degrading enzymes. Then the digested mixture is filtered to collect the residue, which 
then be analyzed for ash and protein contents to calculate the weight of the dietary fibre in flours. 
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2. Chapter II: Structural Changes of Starch Molecules in 
Barley Grains during Germination     
2.1. Introduction  
Barley is the most important cereal grain in the brewing industry. The brewing process after 
malting normally comprises mashing, wort collecting, hopping, boiling, adding yeast, fermentation, 
and clarifying the final beer. During malting, barley grains are moderately germinated (around 2 to 
3 days) in a cool and moist atmosphere after being steeped in water for 24 h or above. 
Starch-degrading enzymes are synthesized in the aleurone layer and/or activated during germination, 
along with many other enzymes, resulting in increased amounts of soluble sugars and other soluble 
materials [Fox et al. 2003]. The malts are then dried before being used for the mashing step.  
The current practice by brewers in selecting barley grains is based on empirical experiences. 
This method assumes that all varieties of barley have same starch properties, and that starch 
structure in barley grains has no significant effects on beer quality. However, starch is the substrate 
for fermentable sugar production, and starch structure in cereal grains can be different from one 
variety to another and from different growing seasons due to genetic and environmental influences. 
It is therefore very likely that starch structure affects the brewing properties of barley grain and the 
quality of the resulting beer.  
Starch is a complex branched polymer of glucose with α-(1⟶4) glycosidic linkages forming 
the linear chains and α-(1⟶6) glycosidic linkages forming the branch points. It comprises mainly 
two types of glucans with distinct branching structures: amylose (AM) has molecular weight ~ 
105–6 and a few long-chain branches (103–4 glucose units per branch) [Takeda and Hanashiro 
2003], whereas amylopectin (AP) has molecular weight ~ 107–8 and a large number of short 
branches (~20 glucose units per branch, depending on the species). Both types of glucans have wide 
ranges of molecular sizes and weights in any given sample.  
This study aims to understand the structural changes of starch molecules in barley grains under 
optimal sprouting conditions, the knowledge of which can be useful in selecting barley grains for 
improved and consistent beer quality. Barley grains from two varieties with different levels of grain 
dormancy were used in this study, in order to confirm the starch structure changes in relation with 
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grain germination/sprouting. The starch structure considered in this study includes: the molecular 
size distributions of individual branches (known as the chain length distribution or CLD) and whole 
(fully branched) starch molecules obtained using size-exclusion chromatography (SEC) equipped 
with differential refractive index detection, and the average degree of branching (DB) of starch 
molecules obtained using 
1
H nuclear magnetic resonance (NMR) spectroscopy. Previous attempts 
by other researchers [Bertoft and Henriksnas 1983; Kano et al. 1981] to describe the detailed 
changes in size distributions of starch molecules during malting were not satisfactory due to 
technical limitations, such as the loss of partially hydrolyzed starch molecules during starch 
isolation due to their high water solubility and the retrogradation of AM branches during SEC 
analysis in water. The former has been overcome by recent research [Hasjim et al. 2010] [Syahariza 
et al. 2010], using a technique that simultaneously dissolves starch molecules and removes 
non-starch components in the grain without the need of pre-isolation of starch granules. The latter 
can be avoided by analyzing the structure of debranched starch in dimethyl sulfoxide (DMSO) 
solution. 
 
2.2. Materials and Methods 
2.2.1. Grain Materials  
Barley grains from two malt barley varieties were used in the present study: Schooner and 
Grimmett. The two barley lines were grown in a controlled-environment tunnel at Hermitage 
Research Station, Warwick, QLD, Australia, in 2011 as part of a dormancy screening trial. They 
were grown by the researchers and employees of Hermitage Research Station. Schooner has low 
grain dormancy, whereas Grimmett has moderate grain dormancy. The grains were collected 
through gentle hand-threshing in order to preserve the dormancy level expressed at the time of 
maturity, hand threshing is gentle and therefore less likely to bring physical damage, the grains were 
dried and then stored at –20 oC [Mares 1983].  
2.2.2. Germination and Sampling 
Bulk grain samples of the two barley varieties were steeped in excess distilled water for 24 h 
with 1 h air resting after the first 12 h for the seed cellular respiration. After steeping, the barley 
grains were partitioned into amounts of 100 well-filled, defect-free grains and each amount was 
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placed on a moistened cellulose filter paper in a sterile Petri dish. All Petri dishes were covered and 
then placed in a transparent storage container lined with moistened paper towel and sealed to 
maintain a humid germination environment. The grain samples in the container were incubated in a 
germination chamber at 19 ± 1 °C under constant (24 h/d) light (similar to natural day light in 
Brisbane, AU) and the grain samples were maintained moist by regularly applying distilled water 
using a misting bottle (five times per day). Besides grain samples prior to steeping step, grain 
samples were collected at 0, 2, 4, 6 and 8 d incubation after 24 h steeping. Hence there were six 
samples of Schooner grains (S0, S1, S3, S5, S7, and S9 with the number indicating the total days of 
steeping and incubation) and six of Grimmett grains (G0, G1, G3, G5, G7, and G9) in total. For 
each variety, three Petri dishes were removed from the storage container at each sampling point as 
replicates. The germination process was immediately halted by freezing the grain samples using 
liquid nitrogen, followed by freeze drying. The dry weight of 100 germinated barley grains were 
determined after freeze-drying, and the weight difference before and after freeze-drying was 
recorded as the moisture content of the grains. The germination tests and sampling process were 
conducted in Nov 2011. 
2.2.3. Grain sample milling 
The freeze-dried germinated barley grains in three Petri dishes from each sampling point were 
combined and ground using a cryo-miller (Freezer/Mill 6850 SPEX, Metuchen, NJ, USA). The 
grains were pre-frozen in liquid nitrogen for 5 min, and then ground at a rate of 10 s
–1
 for two 
cycles of 5-min grinding. In between the two cycles, the samples were re-frozen in liquid nitrogen 
for 2 min to emancipate the heat generated from the grinding process. The resulting barley flour 
was stored in a sealed container and kept in a dry space at room temperature for further analyses, 
including grain composition and starch structure.  
2.2.4. Grain composition 
The starch content of barley grains was analyzed in duplicate from the flour using Megazyme 
Total Starch Assay Kit (Megazyme International Ltd., Bray, Co. Wicklow, Ireland) following the 
procedure from the manufacturer, and calculated as follows: 
starch content (%, dry flour basis) = 
dry weight of starch
 dry weight of flour
 × 100% 
starch content (g per 100 dry grains) = starch content (%, dry flour basis) × dry weight per 100 
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grains 
The crude protein content of barley grains was calculated from the nitrogen content, which was 
obtained from the flour using a LECO CNS 2000 autoanalyzer (LECO Corporation, St. Joseph, MI, 
USA), with a conversion factor of 5.5. Although a general conversion factor of 6.25 has been 
widely used for convenience, the factor of 5.5 is more specific for barley protein [Mosse 1990]. The 
crude lipid content of barley grains was measured from flour by Soxhlet extraction, following 
AOAC method 920.39C. Crude protein and crude lipid contents as the percentages of dry flour 
weight and as the weights of 100 dry grains were calculated in the same way as those of starch 
content. The crude protein and lipid contents were measured by the analytical services of the School 
of Agriculture and Food Sciences, the University of Queensland, Brisbane, Australia. 
 
2.2.5. Starch extraction and debranching 
Starch was extracted from barley flour using a method described elsewhere [Syahariza et al. 
2010] with slight modifications. Barley flour (initial weight 6 mg) was incubated sequentially with 
protease (0.9 unit/mL, from Streptomyces griseus, Type XIV, Sigma–Aldrich Pty. Ltd., Castle Hill, 
NSW, Australia) in tricine buffer (0.1 mL, pH 7.5, 250 mM) at 37 °C for 30 min and sodium 
bisulfite solution (0.45% w/w sodium bisulfite in distilled water) for 30 min. The treated flour was 
then dissolved in 1 mL DMSO (GR for analysis ACS, Merck & Co., Inc., Kilsyth, VIC, Australia) 
containing LiBr (0.5%, w/w, ReagentPlus, Sigma–Aldrich Pty. Ltd.) (DMSO/LiBr) in a 
thermomixer (Eppendorf, Hamburg, Germany) at 80 °C and 350 rpm for 24 h with occasional 
manual shaking in the first 6 h. The dissolved sample was then centrifuged at 4000 g for 10 min, 
and the starch in the supernatant was precipitated using 3 mL absolute ethanol and re-dissolved in 
DMSO/LiBr solution at 80 °C for 2 h before being analyzed using SEC.  
Individual branches were obtained by enzymatic debranching of starch molecules using 
isoamylase (Megazyme International Ltd.). After starch was extracted from barley flour (8 mg) 
following the method above and before the final dissolution in DMSO/LiBr solution, the precipitate 
was dissolved in 0.9 mL distilled water in a boiling water bath, followed by sequential additions of 
0.1 mL acetate buffer solution (0.1 M, pH 3.5), 5 µL of NaN3 solution (0.04 g mL–1),and 2.5 µL 
isoamylase. The mixture was incubated at 37 °C for 3 h, heated at 80 °C for 2 h, freeze-dried, and 
finally re-dissolved in DMSO/LiBr solution at 80 °C for 24 h before being analyzed using SEC. 
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2.2.6. Size-exclusion chromatography and amylose content 
The molecular size distribution of whole (fully branched) starch molecules and the CLD of 
individual branches (or debranched starch) from barley grains were analyzed using SEC following a 
method given elsewhere [Cave et al. 2009]. The separation was performed using an Agilent 1100 
Series SEC system (Agilent Technologies, Waldbronn, Germany) equipped with a refractive index 
detector (RID-10A, Shimadzu, Kyoto, Japan). GRAM 30 and GRAM 3000 columns (Polymer 
Standard Services, PSS, Mainz, Germany) were used to separate whole starch molecules, whereas 
GRAM 100 and GRAM 1000 columns (PSS) were used for debranched starch. The separation 
columns were held at 80 °C, and the detector was set at 45 ºC. DMSO/LiBr solution was used as 
mobile phase, and the flow rate was set at 0.3 and 0.6 mL/min for whole starch molecules and 
debranched samples, respectively.  
A series of pullulan standards (PSS) with peak molecular weights ranging from 342 to 2.35 × 
106 were dissolved in the DMSO/LiBr solution (1 mg/mL) and used to generate universal 
calibration to convert SEC elution volume/time to hydrodynamic volume (Vh or the corresponding 
radius Rh) and corresponding degree of polymerization DP [Vilaplana and Gilbert 2010].  
The AM content of starch was determined from the CLD of individual branches as the ratio of 
the area under the curve of AM branches (DP X > 100) to that of all AM and AP branches [Vilaplana 
et al. 2012].  
2.2.7. Nuclear magnetic resonance 
The DB of starch molecules is calculated as the ratio of α-(1⟶6) glycosidic linkages to the 
sum of α-(1⟶4) and α-(1⟶6) glycosidic linkages. The amounts of these glycosidic linkages were 
quantified using a 
1
H NMR technique following a method described elsewhere [Tizzotti et al. 2011], 
which has improved accuracy of the original technique [Gidley 1985]. Whole starch molecules were 
extracted from barley flour following the method described above and the final dissolution was 
performed in DMSO-d6 (99.5% atom D, Sigma–Aldrich Pty. Ltd.) instead of DMSO/LiBr solution, 
and a few drops of trifluoroacetic acid-d1 was added into the sample before the NMR analysis to 
improve the 
1
H signal. 
2.2.8. Statistical analysis 
Analysis of variance (ANOVA) was carried out in Minitab 16 (Minitab Inc., State College, PA, 
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USA) using the general linear model to analyze the mean values and standard deviations of starch, 
protein, AM, and moisture contents, as well as the parameters obtained from the molecular size 
distributions of whole starch molecules and CLDs of individual starch branches. The significant 
difference among samples was determined at p < 0.05. 
 
2.3. Results and discussion 
2.3.1. Germination of barley grains 
Figure 2.1 shows the typical appearance of the Schooner grains at different times of 
steeping/germination. More than 95% of Schooner grains showed the emergence of shoots and roots 
after 2 d incubation in the germination chamber (S3), whereas only 2% of Grimmett grains showed 
the signs of germination after 8 d incubation in the germination chamber (G9). The results from the 
germination test reflected the expected levels of grain dormancy of Schooner and Grimmett barley 
varieties.  
 
 
 
Figure 2.1: Schooner (upper row) and Grimmett (lower row) barley grains in germination 
    S0       S1    S3    S5          S7        S9 
     G0    G1    G3      G5        G7    G9 
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test, in the optimal conditions for sprouting 
 
 
 
 
 
 
2.3.2. Composition and dry weight of germinated barley grains 
The dry weights per 100 barley grains, (absorbed) moisture contents, and grain compositions 
during germination are shown in Table 2.1. The dry weight of Schooner grains remained unchanged 
after 24 h steeping in water (S0 and S1), but it decreased significantly (p < 0.05) with the 
germination time up to 8 d (S1 to S9). On the other hand, the dry weight of Grimmett grains did not 
show significant changes throughout the steeping and germination steps, probably due to the low 
number of germinated grains after steeping and germination steps (Figure 2.1).  
The moisture contents of Schooner and Grimmett grains increased ~8 fold after 24 h steeping 
(S1 and G1), and reached maxima of 54 and 51% after 4 and 2 d germination (S5 and G3), 
respectively, which was relatively stable (no significant changes) until the 8 d germination test (S9 
and G9) (Table 2.1). There is also no significant difference between the two barley varieties at the 
same steeping and germination time, indicating their similar patterns of water absorption during 
steeping and germination steps regardless of the different amounts of germinated grains between 
Schooner and Grimmett (Figure 2.1)..   
The starch contents of Schooner grains as the percentages of dry flour weight remained similar 
(no significant differences) after 24 h steeping and up to 2 d germination (S1 and S3, respectively) 
compared with that before steeping (S0) (Table 2.1). From 2 d (S3) to 8 d germination (S9), the 
starch content of Schooner grains decreased significantly (p < 0.05). Similarly, the starch content of 
Schooner grains as the weight of 100 dry grains substantially decreased with germination time. The 
more rapid decrease of starch content compared with the dry grain weight during germination 
indicates that the loss of grain weight was mainly contributed by the hydrolysis of starch, such as to 
fuel the germination process. In contrast, the starch contents of Grimmett grains did not 
significantly change (p > 0.05) during the steeping and germination steps, which is consistent with 
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their dry grain weights and low number of germinated grains (Figure 2.1).  
The crude protein contents of Schooner and Grimmett grains as the percentages of dry flour 
weight did not show significant changes (p > 0.05) during the germination time (Table 2.1). 
However, the crude protein content of Schooner grains as the weight of 100 dry grains substantially  
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Table 2.1 : Dry weight and chemical compositions of barley grains. *
 
 
 
47 
 
 
decreased with germination time, suggesting that protein, similar to starch, in the germinating 
Schooner grains was hydrolyzed, probably to supply free amino acids for the syntheses of enzymes 
and other functional proteins. There are also significant differences in the crude protein contents 
between Schooner and Grimmett grains at each steeping/germination point, probably due to the 
different genetic backgrounds of the two cultivars.  
The crude lipid content of Schooner grains increased significantly (p < 0.05) after 24 steeping 
and after 8 d germination (Table 2.1), indicating that lipid became more concentrated as the other 
major components (starch and protein) were hydrolyzed during germination. However, there are no 
clear changes observed in the crude lipid content of Grimmett grains both as the percentage of dry 
flour weight and as the weight of 100 dry grains, as well as in the crude lipid content of Schooner 
grains as the weight of 100 dry grains during steeping and germination. 
 
2.3.3. Molecular structure of starch in germinated barley grains  
Whole starch molecules  
The SEC weight distributions of whole (fully branched) starch molecules, w (logRh), against 
hydrodynamic radius (Rh) are presented in Figure 2.2. Typical bimodal distribution of whole starch 
molecules was observed from all samples: AM (Rh < 100 nm) and AP (Rh > 100 nm), albeit the 
Schooner samples also showed a population of small molecules (Rh < 10 nm). Because of the SEC 
limitations in analyzing whole AP molecules, such as shear scission during separation [Cave et al. 
2009], lack of large pullulan standards, and poor recovery [Yokoyama et al. 1998], the AP 
component in the SEC weight distribution of whole starch molecules is not suitable for quantitative 
structural inferences and does not reflect AP or AM content [Vilaplana et al. 2012].  
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Figure 2.2: SEC weight size distributions of whole (fully branched) starch normalized to 
amylose peak (7 nm < Rh < 100 nm)from (A) Schooner and (B) Grimmett grains. 
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The Rh at peak maximum and the average size Rh
–
 of the AM component in the SEC weight 
distribution of whole starch molecules have been used in the past to compare the whole AM 
structure in cooked rice grains for correlations with their digestibility [Syahariza et al. 2013]. 
Because of the substantial overlapping between AM peak (Rh < 100 nm) and the population of small 
molecules (Rh < 10 nm) in the SEC weight distributions of whole starch molecules from Schooner 
grains, it is not possible to accurately estimate the Rh
–
s of their AM components. Hence the Rh
–
 of 
the AM component was not determined in the present study. Only the Rh at peak maximum of the 
AM component was used to determine the changes in AM molecules during germination of barley 
grains. There were no significant differences (p > 0.05) in the Rh at peak maximum of the AM 
component for Schooner grains after steeping and germination steps; similarly, there were no 
significant differences for Grimmett grains (Table 2.2). 
The nature of the population of small molecules (Rh < 10 nm) observed in the SEC weight 
distributions of whole starch molecules from Schooner grains (Figure 2.2A) is not known. Two 
possibilities are dextrins produced from the digestion of starch by endogenous enzymes during 
germination, and peptides originated from the cereal protein, which content is higher in Schooner 
grains (Table 2.1), after protease treatment as part of starch extraction process. It could also be a 
mixture of both. In addition, the peak height of this small-size population in Schooner samples 
relative to that of their AM peak (hSM/AM, easily observed by normalizing the SEC weight 
distributions of whole starch molecules to yield the same height of AM peak) decreased 
significantly (p < 0.05) with germination time (Figure 2.2A and Table 2.2). This suggests that either 
the small molecules were consumed during germination or the proportion of starch molecules with 
the same molecular size range of AM increased due to the degradation of larger starch molecules, 
such as degraded AP. Furthermore, the amounts of the smaller molecular sized AM (Rh between 10 
to 30 nm) in the Schooner samples after germination treatment (S3, S5, S7, and S9) are larger than 
those before germination treatment (S0 and S1) (Figure 2.2 A), confirming that the proportion of 
starch molecules with the same molecular size range as AM increased after germination. This 
phenomenon was not evident from Grimmett grains (Figure 2.2 B), as most of the grains did not 
show signs of germination after 8 d incubation (Figure 2.1). 
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Individual starch branches  
The SEC weight distributions of individual starch branches, wde(logRh), or CLDs were plotted 
against the hydrodynamic radius (Rh) as the first y-axis and DP X as the second y-axis in Figure 2.3. 
All CLDs from both barley varieties exhibited two higher peaks of AP branches (DP X < 100 or Rh 
< 3.5 nm) and three lower peaks of AM branches (DP X > 100 or Rh > 3.5 nm). The first AP peak 
(AP1) is from the short AP branches that are confined within a single lamella (DP X ~ 5–30 or Rh 
between 0.5 to 2 nm). The second AP peak (AP2) is from the long AP branches that span more than 
one lamella (DP X ~30–100 or Rh 2 to 4 nm). The three broad peaks of AM branches are denoted by 
AM1, AM2, and AM3 from the shortest to the longest. Similar multiple peaks for AM CLDs have 
been reported elsewhere [Syahariza et al. 2013; Ward et al. 2006]. The AM CLD is of particular 
interest because it has been suggested that AM molecules with long branches are hydrolyzed 
relatively slowly by starch degrading enzymes [Okuda et al. 2006]. Slow starch hydrolysis leads to 
slow sugar supply, which is the energy source for grains during germination.  
As suggested elsewhere [Syahariza et al. 2013], the starch CLD can be parameterized to 
facilitate the comparison among different samples, which are the DP X at each local maximum 
(XAP1, XAP2, XAM1, XAM2, and XAM3) and its peak height as the ratio to the peak height of the highest 
peak, i.e. AP1 (hAP2/AP1, hAM1/AP1, hAM2/AP1, and hAM3/AP1). The peak height ratios represent the 
amount of starch branches from each size group as the ratio to the amount of AP1 branches. To 
facilitate the comparison of the peak height ratios among different samples, all CLDs were 
normalized to yield the same height of AP1. Normalization is arbitrary. The normalization to AP1 
can bring out the target features of distributions. Different normalizations can be applied to show 
certain features of the distributions. There were no significant differences (p > 0.05) in the DP X at 
each peak maximum of AP and AM branches in the CLD of Schooner grains after steeping and 
germination steps (Table 2.2); similarly, there were no significant differences (p > 0.05) among 
Grimmett grains although there were significant differences (p < 0.05) between Schooner and 
Grimmett grains, which mostly likely can be attributed to their different genetic backgrounds. The 
results indicate that the DP X at each local peak maximum of the CLD was not altered by steeping 
and germination treatments. 
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Table 2.2: Molecular structures of starch in barley grain samples given optimal germinating conditions for different periods of time.* 
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Figure 2.3: SEC weight size distributions of debranched starch or chain length 
distributions from (A) Schooner and (B) Grimmett grains. 
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The peak height ratios (hAP2/AP1, hAM1/AP1, hAM2/AP1, and hAM3/AP1) were used in the present study 
to determine the relative amount of each branch group because there are substantial overlapping 
among some peaks, such as those caused by SEC band broadening [Syahariza et al. 2013]. For the 
Schooner barley grains, there was a significant increase (p < 0.05) in hAP2/AP1 on the last day of 
germination test (S9) compared with those on the first two days (S0 and S1) (Figure 2.3A and Table 
2.2), suggesting that the ratio of AP2 to AP1 peak becomes higher as the germination progresses 
further.   
Interestingly, the changes in hAP2/AP1 observed after germination in the present study are similar 
to that reported for normal maize starch granules after being subjected to a common in vitro 
digestion [Hasjim et al. 2010], in spite of the fact that the starch substrate and enzymatic 
degradation conditions in the two studies were rather different. The starch granules in the present 
study were hydrolyzed by endogenous enzymes in germinating barley grains, while the normal 
maize starch granules in the in vitro digestion study were hydrolyzed by a combination of porcine 
pancreatic α-amylase and fungal amyloglucosidase. One possible reason for the increased amount 
of AP2 branches with germination and in vitro digestion is that the AP2 branches (longer AP chains) 
are hydrolyzed more slowly than AP1 branches (shorter AP chains). The longer branches in granular 
starch can also slowly retrograde during enzymatic hydrolysis [Hasjim et al. 2010; Htoon et al. 
2009; Shrestha et al. 2010]. The difference between the hydrolysis of AP1 and AP2 in the 
germinating barley grains is the most significant outcome of this study. On the other hand, although 
there were slight variations in the hAP2/AP1 of Grimmett grains after steeping and germination steps 
(Figure 2.3B), there was no clear trend with the treatment time and there were no significant 
differences (p > 0.05) among the hAP2/AP1 values of Grimmett grains (Table 2.2), which is consistent 
with their small number of germinated grains (Figure 2.1).  
Besides hAP2/AP1, there were no significant changes (p > 0.05) in the other peak height ratios 
(hAM1/AP1, hAM2/AP1, and hAM3/AP1) in the CLDs from both Schooner and Grimmett varieties (Table 2). 
Similarly, the AM contents, calculated from the ratio of AUC of AM branches to that of both AM 
and AP branches in the CLDs, did not show significant differences (p > 0.05) with steeping and 
germination steps. This suggests that both AM and AP components were hydrolyzed in the 
germinating grains, which is consistent with the results reported for the in vitro digestion of native 
normal maize starch granules by other authors [Hasjim et al. 2010]Zhang et al. 2006). Although AM 
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molecules may be more resistant to enzyme hydrolysis than AP molecules, the AM remnants have 
similar size to AP branches and cannot be detected as AM molecules by the technique used in the 
present study. Both SEC weight distributions of whole (fully branched) and debranched starch 
indicate that starch molecules in Grimmett grains did not change significantly during the 
germination process. On the other hand, the peak heights of AM2 and AM3 of Schooner grains 
(hAM2/AP1, and hAM3/AP1, respectively) and their AM contents are significantly lower (p < 0.05) than 
those of Grimmett grains, most likely due to their different genetic backgrounds. Starch with higher 
AM content and a larger amount of long AP branches has been reported to be less susceptible to 
enzyme hydrolysis, such as during digestion [Dhital et al. 2010a]. The higher AM content of 
Grimmett grains might contribute to their higher grain dormancy, as it is well known that starch 
with higher AM content is hydrolyzed more slowly by enzymes. The causes and mechanisms of 
dormancy are multiple and complex. However, the observation of the difference between the AM 
structure of Schooner and Grimmett (the first examination of any correlation between starch 
structure and dormancy) suggests that this is a fruitful area for future work.  
Degree of branching 
The DB values of starch molecules from Schooner and Grimmett are listed in Table 2. There 
was a significant decrease (p < 0.05) with germination time in the DB values of starch molecules 
from Schooner grains. This is consistent with the increasing hAP2/AP1 with germination time (Figure 
2.3A and Table 2.2) as the DB and the average CLD of starch are reciprocally related, and hence an 
increase in the average CLD means a decrease in the DB. The DB results confirm that the longer 
branches of starch molecules in germinating barley grains were less susceptible to hydrolysis by 
endogenous enzymes than the shorter branches of starch molecules. On the other hand, the DB 
values of starch molecules from Grimmett grains did not show significant changes, consistent with 
its low number of germinated grains (Figure 2.1).  
2.4. Conclusions 
This study has reported the changes in starch fine molecular structure in the grains of a popular 
brewing barley variety (Schooner) during germination at optimal sprouting conditions (malting). 
Schooner grains, having a low dormancy, showed sprout development after the second day of 
incubation. The dry grain weight, starch content, and crude protein content of the Schooner grains 
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reduced significantly (p < 0.05) after germination. The hAP2/AP1 from CLD and the DB of starch 
molecules from 
1
H NMR also showed significant increase and decrease (p < 0.05), respectively, 
after germination. The results indicate that the shorter AP branches were hydrolyzed faster than the 
longer AP branches in malting Schooner grains as germination goes on, most likely because of the 
low susceptibility of longer branches towards enzymatic hydrolysis, such as observed in starch 
digestion. The starch structural changes were not apparent for Grimmett grains, which has moderate 
dormancy, because of its low number of germinated grains after 8 d incubation. The fermentability 
of barley grains/malt for beer brewing depends on the amount of endogenous amylolytic enzymes 
synthesized during germination and on the degradability of starch, which is controlled by its 
structure. The knowledge of the fine structure of starch molecules in dormant and non-dormant 
grains and that after germination is thus of potential use to brewers and farmers. For instance, the 
chain length distributions of barley starch could be used by the brewing industry to predict the 
potential degradability and fermentability of barley grains.  
To summarize, this study provides a better understanding of starch structural changes in 
germinating barley grains, proposing a new tool to aid the selection of barley with suitable 
properties for brewing or for feed. 
. 
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3. Chapter III: Correlations between fermentable sugar in 
wort of  and barley starch structure 
3.1. Introduction 
Aspects of malt quality are important in brewing science. In order to produce as much 
fermentable sugars as possible, brewers want the malt to have relatively high level of activity of 
starch degrading enzymes such as α-amylase, β- amylase and limit dextrinase. During the mashing 
step of brewing, starch in malt is hydrolysed into sugars by these enzymes, producing wort 
(sugar-rich liquid). This study evaluates the wort for the amount of fermentable sugars in it: maltose, 
maltotriose, sucrose, glucose and fructose. There are many studies about the impact of starch 
degrading enzymes on fermentability of malts [Buttimer and Briggs 2000; Kanauchi and Bamforth 
2008; 2012]. There have also been some attempts to understand the impact of starch structure on 
fermentability of malt [Izydorczyk et al. 2001; MacGregor 1996; MacGregor et al. 1999]. However, 
the role of starch structure in brewing has not been studied in depth, due to several technical 
limitations including the difficulty of dissolving starch molecules without damage, and difficulties in 
the characterisation of starch structures at different levels [Gidley et al. 2010]. In this study, a number 
of newly developed technologies were applied to overcome the above difficulties, enabling better 
understanding of starch’s role in brewing.  
Starch structures in unprocessed grain can be hierarchically interpreted into six levels, which can 
range from nm to mm in scale and have their own properties. These six levels include: level 1, 
individual linear branch-chains of glucose units; level 2: whole amylose and amylopectin molecules; 
level 3: semi-crystalline lamellae formed by clusters of double helices; level 4: growth rings of 
alternating crystalline layers and amorphous lamellae layers; level 5: starch granules and level 6: the 
whole grain) (Fig. 3.1) [Vilaplana and Gilbert 2010]. The figure of these six levels is kindly provided 
by Prof Robert. G. Gilbert. 
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Figure 3.1: The six levels of starch structure in cereal grains. 
 
 Despite being comprised of the same glucose monomers and chemical bonding, amylose and 
amylopectin have different ranges of size and molecular size distributions. Amylose is a mostly linear 
polymer comprises of approximately 100 – 10,000 glucose units connected via α-(1,4) linkages, with 
a small number of long-chain branches. The molecular weight of amylose is around ∼106 Da 
[Vilaplana and Gilbert 2010]. Amylose has a small but notable number of long branches: up to ten for 
normal amylose and larger molecules, the number can be a bit higher too [Hizukuri et al. 1981]. On 
the other hand, Amylopectin is highly branched, containing roughly 10,000 – 100,000 glucose units 
and the molecular weight is around ∼108 Da [Vilaplana and Gilbert 2010]. There are three 
distinguishable classes of amylopectin: A, B and C chains, ranging differently on their chain lengths 
and their position within the clusters [Nakamura 2002; Wang et al. 2014b] (Figure 3.1). A chains do 
not have branches that are connected to the rest of molecule via α-(1- 6) glycosidic linkages. 
Furthermore, A chains are the shortest branches (with DP, degree of polymerization of 6 to 16) and 
are normally placed onto the outer extremities of the amylopectin molecule. The longer B chains (DP 
≥ 20) contain one or several branches and are located at inner position of an amylopectin molecule. B 
chains confined to just one cluster are named B1 chains, while B chains spanning two, three and four 
clusters are considered as B2, B3 and B4 chains, respectively [Hizukuri 1986; Wang et al. 2014b]. 
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Each amylopectin molecule comprises one single C chain, which contains the only reducing terminal 
glucose unit or end group. 
There are many studies focused on the starch crystalline and granular structure in the literature 
[Cooke and Gidley 1992; Hizukuri et al. 1981] . These two levels of starch structures are included in 
this study because there is evidence that both are related to the starch enzymatic hydrolysis rate 
[Syahariza et al. 2013]. 
 
 
3.2. Materials and methods  
3.2.1. Samples  
 Barley whole grain samples and malt samples were sourced from three American commercial 
varieties: Tradition six row, Metcalfe and M69. More details about the varieties can be found on the 
United States Department of Agriculture website (http://www.usda.gov). All samples were harvested 
in 2011, from two locations in Colorado, (Monte Vista and Northern Colorado), and from one in 
Idaho. The complete list of barley grain/malts samples and their origins is given in Table 3.1. Both 
barley grain and malt were used in this study for different reasons. Barley grain was selected because 
the diastatic power (the enzymatic power of malt to hydrolyse starches into fermentable sugars) 
differs among varieties. Brewing with barley grain and commercial enzymes can standardize the 
enzymatic activity during mashing, so the effects of starch structure on fermentable sugar production 
can be studied with minimal influence from other factors. Barley malt was used to study the effects of 
starch structure when applying the traditional malt brewing method, when diastatic power is different. 
The malts were made from the same samples of barley used in this study. The malting was conducted 
by an industry partner (Coors company, USA). With the samples chosen in the study, multiple 
comparisons can be conducted, including comparison of fermentability among three barley varieties 
(containing different starches), comparison of the same variety harvested from different locations, 
and comparison of barley grain and malt. The total starch and protein contents of all samples were 
obtained using method described elsewhere [Syahariza et al. 2013]. The total starch and protein 
contents are shown in Table 3.1.  
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Table 3.1. Barley and Malt sample information (total starch and protein results that do not share a same letter are significantly different, p 
<0.05). 
 
Samples Sample 
origins  
Sample name 
abbreviation 
Initial  
weight 
 (kg) 
Crystallinity 
(%) 
Total starch  
(%) 
Total crude  
protein  
(%) 
Starch weight for mashing 
(kg)  
Traditional 6 
row Malt 
North CO MT 19.61 18 55.1 ± 1.5 A  10.8 ± 0.1 A
 
 
10.81 
Metcalfe Malt North CO MM 18.57 22 54.8 ± 1.1 A  10.1 ± 0.1 B 10.18 
M69 Malt Monte 
Vista 
M69M 17.24 17 50.6 ± 0.8 B  
10.9 ± 0.1 A 
8.73 
M69 Malt North CO M69N 17.74 21 49.6 ± 0.5 B  9.7 ± 0.1 B 8.80 
M69 Malt Idaho M69I 18.56 15 48.6 ± 0.2 B  9.9 ± 0.1 B 9.02 
        
        
Traditional 6 
row Barley 
North CO BT 23.04 16 53.4 ± 0.7 A  10.8 ± 0.2 A 12.30 
Metcalfe 
Barley 
North CO BM 24.51 21 54.5 ± 0.8 A 10.2 ± 0.2 B 13.35 
M69 Barley Monte 
Vista 
B69M 23.39 16 50.8 ± 1.6 B  11.1 ± 0.1 A 11.88 
M69 Barley North CO B69N 23.08 19 50.4 ± 1.2 B 9.7 ± 0.2 B 11.63 
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3.2.2. Starch extraction from barley grain/malt  
Prior to brewing, a small amount (approximately 5 g) of barley grain/malt from each variety was 
preserved for starch extraction and structural characterisation. These barley grain/malt samples 
received a series of treatments in order to remove non- starch components, such treatments include 
cryogenic milling, incubation with protease, ethanol precipitation, dissolving with dimethyl sulfoxide 
solution (DMSO LiBr, 0.5% / 99.5%, w/w ) [Syahariza et al. 2010; Tran et al. 2011]. The method 
applied here has been reported to achieve complete dissolution of starch molecules and relatively 
thorough non-starch components removal without damaging the starch fine structures. A portion of 
the purified starch was re-dissolved in DMSO/LiBr solution for size distribution analysis. The 
purified starch was also prepared for NMR analysis [Tizzotti et al. 2011] and CLDs measurement.  
 
3.2.3. Brewing with barley grain/malt  
Both barley-grain and malt samples were used as sources of starch for brewing. The pilot 
brewing was conducted using the brewery facility in the August Busch III Brewing and Food Science 
Laboratory, University of California, Davis. The brewing process followed a simple recipe of local 
ale in Davis [Postgate 1998], with modifications to accommodate the use of barley grain and 
exogenous enzymes. A calculated amount of commercial exogenous enzyme product (Ondea® Pro, 
Novozymes, Denmark) was added into the mash when using un-malted barley grain as raw material. 
The calculation was based on the information sheet provided by Novozymes, which recommends the 
ratio of 2 kg of Ondea® Pro per tonne barley grain. The initial weights of every barley grain/malt 
sample prior to mashing are recorded in Table 3.1. 
 
3.2.4. Size exclusion chromatography  
Size exclusion chromatography (SEC), also known as gel permeation chromatography, is a 
common technique used to separate and characterize starch molecular structure. SEC is a 
chromatographic technique that separates molecules in a mobile phase (eluent). The separation is 
based on molecular size, in other words, on the hydrodynamic volume (Vh) or the corresponding 
hydrodynamic radius (Rh) of molecule. For debranched starch (a linear polymers), there is a unique 
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relationship between Rh and molecular weight; however for whole starch molecules (branches 
polymers), the relation is not there, because starches different branching structures and molecular 
weights can share the same Vh. The SEC method used in this study has been published previously 
[Syahariza et al. 2010] [Syahariza et al. 2013]. 
Although commonly used by many researchers, there are limitations and problems of starch 
characterization by SEC, such as band broadening, shear scission and low recovery rate for larger 
starch molecules such as amylopectin [Cave et al. 2009]. Due to these limitaions, in this study, only 
the SEC size distributions of linear starch branches are obtained to provide qualitative and 
quantitative comparisons of the starch samples.  
 
3.2.5. Fluorophore-assisted carbohydrate electrophoresis (FACE) of APTS-labeled linear 
glucans  
FACE avoids the problems of shear scission and band broadening, but cannot be used for 
branches containing more than ~180 glucose monomer units [Wu et al. 2014]. The starches in 
barley/malt samples were hydrolysed into linear glucans and labled using the method mentioned 
elsewhere [Wu et al. 2014] before being analysed via FACE for their chain length distributions 
(CLDs).  
A PA-800 Plus System (Beckman-Coulter, Brea, CA, USA) separated the labelled linear starch 
branches, with a solid-state laser-induced fluorescence (LIF) detector monitoring the separation. An 
argon-ion laser was used as the excitation source. The Beckman Carbohydrate Labeling and Analysis 
Kit includes a 50 µm diameter N–CHO coated capillary for the system to used. The Kit also contains 
a separating medium: the Carbohydrate separation buffer. The separation length of the capillary was 
programmed at 40 cm for effective results. The linear starch samples were injected into the capillary 
with 0.5 psi (3.4 kPa above atmospheric) pressure and 3 s of injection time. The conditions for 
successful separation of the labelled linear starch branches are voltage of 30 kV (current ∼14 mA) 
and temperature at 25◦C. For the first ∼160 peaks, 90 min of total separation time was required. The 
areas of these peaks represent the relative amount of linear glucans with different mass (different DP) 
directly. When the samples are in the PA-800 Plus System, the storage temperature was at 18◦C. 
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3.2.6. Degree of branching  
Nuclear magnetic resonance (NMR) obtains the degree of branching (DB) in starch by measuring 
the ratio of α-(1⟶6) to α-(1⟶4) glycosidic linkages [Gidley 1985]. Even through this can also be 
obtained from the SEC distubution of debranched starch, NMR measurement does not suffer from 
some of the problems of using SEC, such as band broadening and calibration. In preparation for NMR, 
the complete dissolution of starch is crucial, with the formation of aggregates prevented [McCleary et 
al. 2006]. For using NMR, water is not a suitable solvent, because amylose easily retrogrades in water 
solution [You and Lim 2000]. Perdeuterated DMSO has been reported to be a desirable solvent for 
starch molecules in NMR measurement [Schmitz et al. 2009]. There are evidence that the granules are 
peeled by layers in DMSO-d6 [Mukerjea et al. 2006; Wang et al. 2014b]. The broad signals from 
many different hydroxyl groups sometime might make the peaks invisible, which complicates the 
determination of the DB via 
1
H NMR spectra. The problem can be solved when the exchangeable 
protons of the starch hydroxyl groups are shifted to a high frequency by adding a small amount of 
deuterated trifluoroacetic acid [Tizzotti et al. 2011]. In that case, well-defined NMR spectra can be 
obtained [Tizzotti et al. 2011]. 
 
3.2.7. X-Ray Diffraction  
The crystallinity of the starch samples was characterised using a D8 Advance X0ray 
diffractometer (Bruker, Madison, WI, USA), with diffractograms recorded over an angular range of 
3-40 degrees, with a step size of 0.02 degree, and a rate of 0.5 s per step. The radiation parameters 
were set at 40 kV and 30 mA. The degree of crystallinity was calculated using a method from a 
previous study [Chaleat et al. 2012] using PeakFit software (Version 4.12 Systat Software, Inc., San 
Jose, CA, USA). 
 
3.2.8. Granule size analysis  
A Malvern Mastersizer Hydro 2000MU (Malvern Instruments Ltd., Malvern WR141XZ, UK) 
was used to measure the granule size of barley starches. The barley flour samples were prepared into 
water suspension within with stirring rate of 2000 rpm. The measurement was carried out with a 
general-purpose analysis model. The applied particle refractive index is 1.53 and absorption index is 
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0.1. All measurements have obscuration between 9% ~ 13%. The starch granule size is defined in 
terms of 10
th
 percentile d(0.1), median d(0.5), 90
th
 percentile d(0.9) and surface weighted mean 
D[3,2], as well as the volume weighted mean D[3,4]. More method details can be found in a previous 
study [Dhital et al. 2010b]. The volume weighted mean D[3,4] was used to determine the potential 
correlations between starch structure and granule size.  
 
 
3.2.9. Fermentable-sugar profile   
A high pressure liquid chromatrograph (Agilent 1100; Agilent Technologies, Waldbronn 
D-76337, Germany) equipped with a Prevail Carbohydrate ES 5 µm column (250 × 4.6 mm; Grace 
Davison Discovery Sciences, Australia) was used to measure the concentrations of Fructose, glucose, 
sucrose, maltose and maltotriose. The HPLC system used an isocratic mobile phase at a flow rate of 
1.0 mL/min. This method was previously used in another study [Waramboi et al. 2011].  
 
3.2.10. Statistical analysis  
Analysis of variance (ANOVA, general linear model) was carried out in MiniTAB (Minitab, Inc., 
State College, PA) to analyze the mean values and standard deviations of starch content, protein 
content, amylose content, moisture content, peak values of size distributions of whole starch 
molecules and starch branches. The correlations are also calculated in MiniTAB in order to search for 
possible relations between factors measured in this study. The significance of difference among 
samples was determined at p < 0.05. 
 
 
3.3. Results and discussion  
3.3.1. Grain composition  
The compositions of barley/malt samples were outlined in Table 3.1. As the results show, the 
barley M69 from three different locations have very similar total starch content, around 49% ~ 50%. 
The starch content of malts from M69 barley are in the same range which indicated the malting 
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process applied in this case was not long enough to impact the starch contents significantly. Both 
Traditional 6 row and Metcalfe barleys have higher starch contents, ranging from 54% to 56%. Again 
the malts of these two varieties have similar starch contents from their originals. Total crude protein 
results showed that the Traditional 6 row and Metcalfe barleys have slightly higher protein contents 
(~10%) than the M69 barleys from three locations, with the exception of M69 barley from Monte 
Vista, which has similar protein content. The weights of total starch in the actual samples were 
calculated for the estimation of fermentable sugars produced per kg of starch during mashing.  
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Table 3.2.  Size distributions of debranched starches from nine barley varieties. DB results have SD of 0.06 for all samples.  
 
Sample DP of peak maximum in SEC weight distribution of 
debranched starch 
Height of peak maximum in SEC weight distribution of 
debranched starch as ratio to Ap1 peak height 
Degree of 
Branching 
XAp1  XAp2 XAm1 XAm2 hAp2/Ap1 hAm1/Ap1 hAm2/Ap1 
 
MT 30.1±0.2A
 
 46.4±0.1AB
 
 408±7A 
 
 1237±37D  0.68±0.01AB  0.15±0.00AB 0.23±0.00C
 
 2.17
 
 
MM 27.6±0.1B
 
 48.2±0.0A
   
 376±7BC
 
 1442±72BC
 
 0.67±0.01AB
 
 0.16±0.01AB  0.26±0.02A 2.27 
M69M 29.8±0.1B
 
 43.6±0.3AB
 
 377±9BC
 
 1568±30AB
  
 0.67±0.01AB
 
 0.14±0.00B 0.21±0.02C  2.30 
M69N 22.3±0.2C
 
 45.7±0.0B 399±11B
 
 1497±24B
 
 0.72±0.00A
 
 0.15±0.02AB 0.23±0.03C  2.55 
 
M69I 28.4±0.3AB
 
 43.7±0.0C
 
 368±6C
 
 1623±31A
 
 0.70±0.02AB
 
 0.19±0.02A  0.25 ±0.03B  2.33  
BT 22.5±0.3C
 
 44.8±0.6B
 
 412±4A
 
 1257±31CD
  
 0.72±0.00A
 
 0.13±0.01B  0.24 ±0.04CB  2.29 
BM 23.6±0.2C
 
 45.5±0.3B
 
 379±1BC
 
 1345±14C
  
 0.70±0.01AB
 
 0.14±0.00B
 
 0.27 ±0.01A 2.37 
B69M 25.7±0.1B
 
 44.9±0.0BC
 
 405±7A
 
 1531±20B
  
 0.69±0.02AB
 
 0.18±0.00A 0.24±0.01CB  2.12  
B69N 26.2±0.1B
 
 46.8±0.2AB
 
 411±8A 1339±15C 0.63±0.01B
 
 0.18 ±0.01A
 
 0.25±0.02 B 2.41 
66 
 
 
 
3.3.2. Starch structure  
  
The SEC weight molecular size distributions of debranched starch extracted from barley/malt 
samples are presented in Figure 3.2. The SEC weight distributions of debranched starch from all 
barley/malt samples show two large peaks of amylopectin (Ap) branches and two smaller peaks of 
amylose (Am) branches. The Ap-branch peaks can be divided into two groups of starch branches, 
Ap1 (0.5 nm < Rh < 2 nm, DP <~ 5–30) and XAp2  (2 nm < Rh < 4 nm, DP <~ 30–100), which are the 
well-known contributions from chains spanning a single lamella and from more than one lamella. In 
the SEC weight distribution of Am chains (Rh > 4 nm, DP > 100), at least two peaks can be observed, 
denoted by Am1 and Am2. Distinct peaks in Am branches has been seen elsewhere, e.g. [Ward et al. 
2006]. Some significant differences are observed in the chain length (DP) X, and the height of each 
local peak in the fine structures of Ap and Am branches among the different barley varieties (Table 
3.2), denoted by XAp1, XAp2, XAm1 and XAm2. The XAp1 and XAp2  of MT and MM are 
significantly smaller than those of other varieties. Furthermore, there are significant differences in the 
XAm2  among some of the barley varieties. The heights of local peak maxima of Ap and Am chains 
in the SEC weight distribution of debranched starch are presented as the ratios to the height of the 
peak maximum of the short (single-lamellar) Ap (Ap1) chains (denoted by hAp2 /Ap1, hAm1/Ap1 
and hAm2/Ap1). The ratios are used to determine the amount of each branch group (Ap1, Ap2, Am1 
and Am2) as the relative amount to Ap1 chains, by normalising all SEC weight distributions to the 
height of the Ap1 peak.  
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Figure 3.2. Size distribution of debranched starch molecules.  A. Barley samples   B. 
Malt samples.  
 
 
     The DB results are also presented in Table 3.2. It is seen that there are some significant 
differences in DB among the barley samples, as is to be expected, and are from variety differences 
and, to a lesser extent, environmental factors. The crystallinity results are presented in Table 3.1. As 
the results show, all of the barley grain samples have higher degree of crystallinity than the malt 
samples, which indicates that crystallinity decreases during malting, probably because the whole 
endosperm is degrading at that time. There are some differences in crystallinity among the barley 
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varieties. The reasons are also genetics and growing location conditions. 
A number of selected CLDs of debranched starches obtained via FACE are presented in Figure 
3.3. These are plotted as the number CLD, Nde(X), plotted on a logarithmic scale for reasons 
explained elsewhere, including because this brings out features that are invisible in the commoner 
method of a non-logarithmic Y axis [Castro et al. 2005a; Wu and Gilbert 2010]. All barley starch 
samples show CLDs typical of those in the literature, although these go to much higher DPs than 
normally available in FACE. Reproducibility is good. The components with X < 100 are amylopectin 
chains, while those with X 100 are short amylose and long amylopectin chains. The results indicate 
that there are some differences in CLDS among the barley samples. As well as the types of differences 
seen in the literature for many varieties below DP 100, it is noted that there is a distinct difference in 
the slopes for some varieties above this DP. This region contains both very long amylopectin chains 
and very short amylose chains. There is not enough FACE data in this region in the literature to make 
any comment at this stage about possible implications for the underlying biosynthetic processes. 
 
 
 
Figure 3.3.  Some CLDs of debranched starch obtained via FACE. Plotted as the number 
distribution Nde(X), on a logarithmic scale, as a function of DP (X). 
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In order to bring out the structural features of the CLDs, the data were fitted to an amylopectin 
biosynthesis model [Wu and Gilbert 2010; Wu et al. 2013]. This model provides information on the 
activities of the starch synthesis enzymes. The model also provides a form of predictions for studies 
on enzymatic requirements for producing starch with targeted structure, e.g. starches that yield more 
fermentable sugars. The model takes into account the fact that a number of different enzyme sets 
(each containing a particular isoform of starch branching enzyme, SBE, debranching enzyme, DBE, 
and starch synthase, SS) dominate the CLD over different of the CLD. The fitting parameters 
obtained this model are various values of the parameter β which is the ratio of the rate of activity of 
SBE to that of SS for a given enzyme set, denoted β(i), β(ii), etc., and the relative contribution of two 
enzyme sets. The present fitting is best with the “substrate-competing” alternative for the model, 
where isoforms (ii) and (iii) compete, and the relative amount of enzyme set (i) to those of (ii) and (iii) 
combined is denoted h(iii,i). The values of the two minimum DPs for SBE to operate, X0 and Xmin, 
were given the values found in other studies [Wu et al. 2013]. The resulting parameters enable 
correlations to be found between starch fine structure and the amount of fermentable sugars produced 
during mashing. The fitting parameters are given in Table 3.3. There are some noticeable differences 
in the fitted parameters obtained from the model, as discussed below.  
    The granule size results of starches from the barley samples are presented in Table 3.4. Again 
there are some noticeable differences between the starches. Granules in the malt samples are larger 
granule size than their original barleys, obviously because the starch granules were swollen in excess 
water during malting.  
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Table 3.3.  Parameters from fitting the number CLDs using the starch biosynthesis model of Wu et al. 
Sample name fitting parameters 
β(i) β(ii) β(iii) β(iv) β(v) β(vi) h(iii,i) h(v/i) 
MT 0.314 0.0894 0.0536 0.104 0.0314 0.0123 
0.0642 
0.00515 
MM 0.305 0.0877 0.0456 0.187 0.0351 0.0119 
0.063 
0.00305 
M69M 0.294 0.0937 0.0558 0.209 0.0352 0.0052 
0.066 
0.00279 
M69N 0.288 0.0915 0.0516 0.542 0.0364 0.000767 
0.0597 
0.00245 
M69I 0.291 0.0927 0.0533 0.307 0.0385 0.0132 
0.0638 
0.00228 
BT 0.321 0.0935 0.0563 0.397 0.0311 0.0127 
0.0611 
0.00227 
BM 0.307 0.0926 0.0517 0.292 0.0301 0.0115 
0.0761 
0.00238 
B69M 0.306 0.0974 0.0668 0.836 0.0492 0.839 
0.0736 
0.00259 
B69N 0.289 0.0942 0.0597 0.291 0.027 0.0146 
0.0709 
0.00215 
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Table 3.4. Granule size results. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample name Mode (µm) d (0.1) (µm) d (0.5)(µm) d (0.9)(µm) D [3, 2](µm)   D[3,4](µm) 
MT 21.71 6.467 25.39 108.308 11.044 42.993 
MM 22.207 7.339 24.415 85.91 10.74 36.993 
M69M 21.945 8.4 27.885 116.103 11.631 46.923 
M69N 21.839 7.567 24.308 96.846 10.879 39.185 
M69I 22.599 7.052 24.789 82.293 10.618 36.181 
BT 24.897 7.859 28.756 110.592 12.826 45.736 
BM 25.521 7.999 28.595 100.999 13.471 43.13 
B69M 24.016 7.701 29.388 132.032 13.811 51.644 
B69N 24.48 5,483 23.836 63.533 11.344 31.205 
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3.3.3. Fermentability of barley grain/malt  
  
The fermentability analysis of barley grain/malt samples was is given in Table 3.5. It is shown 
that there are some differences in the ability to produce total fermentable sugars per kg of starch. 
When treated with commercial enzymes, the barley grain of traditional 6 row has very similar 
fermentability to its malt product. However the barley grain of MM, M69M and M69N did not 
produce as much fermentable sugar during mashing as their malt products even with commercial 
enzymes. However, the barley plus commercial enzymes recipe can still produce wort of reasonable 
quality, which can be used for successful alcoholic fermentation. As to the different types of 
fermentable sugars, all malt samples tend to produce slightly more fructose, glucose, sucrose and 
maltose. Interestingly, the barley samples plus enzymes combinations tend to produce more 
maltotriose than their malts. When comparing within the malt samples, there are a few visible 
differences, e.g. the total fermentable sugars produced from MT is significantly ( p <0.05) lower than 
that from M69N. The barley samples also indicate a couple of visible differences in terms of total 
sugars and certain types of sugars. 
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Table 3.5. Fermentable sugar concentration in wort produced from 1 kg of starch. Results that do not share the same letter are 
significantly different, p <0.05. The average sugar amount produced was calculated from total sugar concentrations and starch amount in all 
samples. 
 
Sample name Fructose (g/L) Glucose (g/L) Sucrose  (g/L) Maltose (g/L) Maltotriose (g/L) Total fermentable 
sugars  (g/L) 
 
MT 0.102 ± 0.003 CD 0.351 ± 0.012 B 0.103 ± 0.011 A 3.565 ± 0.13 B 0.526 ± 0.093 C 4.647 ± 0.121 BC 
MM 0.108 ± 0.003 C 0.395 ± 0.003 B 0.129 ± 0.003 A 3.982 ± 0.222 AB 0.692 ± 0.112 C 5.307 ± 0.186 AB 
M69M 0.132 ± 0.009 B 0.374 ± 0.008 B 0.111 ± 0.138 A 3.795 ± 0.076 AB 0.554 ± 0.064 C 4.967 ± 0.061 AB 
M69N 0.143 ± 0.013 B 0.53 ± 0.068 A 0.115 ± 0.043 A 4.035 ± 0.244 A 0.641 ± 0.137 C 5.463 ± 0.423 A 
M69I 0.176 ± 0.004 A 0.485 ± 0.024 A 0.098 ± 0.005 A 3.902 ± 0.034 AB 0.642 ± 0.197 C 5.301 ± 0.223 AB 
BT 0.087 ± 0.001 DE 0.218 ± 0.013 C 0.034 ± 0.002 B 2.569 ± 0.197 C 1.318 ± 0.079 A 4.227 ± 0.284 CD 
BM 0.079 ± 0.001 E 0.203 ± 0.01 C 0.032 ± 0.001 B 2.432 ± 0.12 CD 1.477 ± 0.168 A 4.224 ± 0.271 CD 
B69M 0.081 ± 0.001 E 0.195 ± 0.011 C 0.027 ± 0.001 B 2.118 ± 0.147 D 1.143 ± 0.306 AB 3.565 ± 0.21 DE 
B69N 0.094 ± 0.003 CDE 0.234 ± 0.018 C 0.033 ± 0.004 B 2.046 ± 0.057 D 0.876 ± 0.216 BC 3.282 ± 0.289 E 
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Table 3.6. Correlations between fermentable sugar concentrations and structural attributes 
 
Pearson’s correlation 
 β(i) β(ii) β(iii) β(iv) β(v) β(vi) h(iii,i) XAp1 XAp2 XAm1 XAm2 hAp2/Ap1 hAm1/Ap1 hAm2/Ap1 DB D[3,4]  Crystallinity Total 
starch 
Total 
protein 
Fructose -0.638 -0.21 -0.337 -0.169 0.16 -0.353 -0.097 0.579 0.22 0.534 -0.692 0.643 0.215 -0.276 0.382 -0.199 -0.513 -0.248 -0.655 
Glucose -0.546 -0.511 0.558 -0.216 0.104 -0.416 0.126 0.657 0.244 0.661 -0.646 -0.739* -0.111 -0.476 0.436 -0.291 -0.646 -0.264 -0.783* 
Sucrose -0.308 0.717* -0.675* -0.453 0.034 -0.434 -0.409 -0.677* 0.224 0.706* -0.593 -0.75* -0.226 0.542 0.155 -0.374 -0.556 -0.178 -0.803* 
Maltose -0.285 0.673 -0.696 -0.409 0.059 -0.468 -0.862** -0.775* 0.242 0.8* -0.65 -0.835** -0.163 -0.643* 0.613* -0.492 -0.483 -0.13 -0.752* 
Maltotriose 0.487 0.451 -0.294 0.388 -0.047 0.29 -0.459 -0.485 -0.451 -0.454 0.565 -0.575 0.213 0.187 -0.07 0.002 0.67* 0.301 0.882** 
Total fermentable sugar -0.219 0.654 -0.66 -0.333 0.068 -0.48 -0.881** -0.785* 0.119 0.826 -0.612 -0.829** -0.102 -0.728* 0.692* -0.607 -0.375 -0.066 -0.612 
* Correlations are significant at p < 0.05. 
** Correlations are significant at p < 0.01. 
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3.3.4. Correlations between starch structure and fermentable sugars from barley grain/malt 
 
The correlations between starch structure (at different levels) and the fermentable sugars were 
presented in Table 3.6. The correlation analysis shows the impacts starch structure has on the sugar 
profile of wort. It is observed that there is a significant ( p <0.05) positive correlation between 
fermentable sugars and DB (R=0.692), with the Pearson correlation test. There is a significant ( p 
<0.05) positive correlation between the granular size and maltotriose, which is consistent with the 
sugar profile results, obviously because malt sample have larger particle size and tend to produce 
relatively more maltotriose. The results in Table 3.6 give the correlations between starch fine 
structural features and fermentability. This is the first such result in the literature. The Pearson 
correlation analysis shows that the following structural features are negatively correlated to the 
production of fermentable sugars: h(iii,i), XAp1, hAp2 /Ap1 and hAm2/Ap1. The negative 
correlation between h(iii,i) and fermentable sugars (R = – 0.881) indicates that more short Ap chains 
leads to a higher yield of sugars. The SEC results are consistent with the FACE data: hAp2 /Ap1 is 
also negatively correlated to fermentable sugars (R = – 0.829). The negative correlation (R= –0.785) 
between XAp1  and fermentability suggests that starch turns into sugars at a slower rate when Ap 
chains become longer. Furthermore, the yield of sugars slows down when the ratio of Am chains to 
Ap chains becomes larger, as seen in the negative correlation between hAm2/Ap1 and fermentable 
sugars. All the above correlations suggest that the presence of more short Ap chains improves the 
fermentable sugar yield during mashing, which is consistent with the positive correlation between DB 
and fermentability, confirming the impacts of short Ap chains on fermentability. The results are 
supported by a previous publication [Chu et al. 2014]. In addition, similar correlations with the CLD 
are seen in the breakdown of starch by mimics of human digestive enzymes [Witt et al. 2010], The 
correlations between starch fine structure and fermentability have not reported previously. The basic 
origin of the effect is because shorter Ap chains are hydrolysed at a higher rate [Chu et al. 2014], 
although the molecular-level reasons for this are not yet obvious. Hence, given the same mashing 
time, starch with more shorter Ap chains would produce more sugars. This new discovery gives 
useful information to brewers and barley breeders: barley varieties with more short Ap starch chains 
are more desirable for brewing. With selective breeding and/or new genetic tools, e.g. [Regina et al. 
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2010], it is possible to enhance the activity of some starch synthesis enzymes in barley in order to 
breed improved varieties for brewing. 
It is also seen that there is a negative correlation between fermentable sugars and longer amylose 
chains. The same correlation is seen with enzymes mimicking human digestion  [Syahariza et al. 
2013], and the molecular-level explanation is probably the same. 
 
3.4. Conclusion 
This study shows, for the first time, significant ( p <0.05) correlations between certain starch 
structural features and the fermentability of barley varieties. The starch structural features that lead to 
a higher fermentable sugar yield include a larger proportion of shorter amylopectin chains, a lower 
ratio of amylose to amylopectin, as well as lower average chain length of amylopectin and fewer 
longer amylose chains. This gives useful guidelines for selection of barley grains for improved 
brewing characteristics, and to plant breeders and geneticists for developing improved varieties.  
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4. Chapter IV: Malting barley quality: dormancy and starch 
structure 
4.1.  Introduction 
Dormancy of malting barley is of importance to the brewing/malting industry. Long dormancy 
of malting barley increases cost and might lead to damage from certain storage conditions [Woods 
et al. 1994]. To the brewing/malting industry, a certain level of dormancy from malting barley is 
desirable, because Barley of low a level of dormancy is more subject to  pre-harvest sprouting of 
grain [Jacobsen et al. 2002]. This results in down-grading of barley grain, and therefore financial 
loss to the farmers. There are various ways to avoid damage caused by pre-harvest sprouting. 
Growers can apply improved harvesting practices, in combination with a selection of barley 
varieties with certain level of dormancy, the risk of downgrading grain caused by rain can be 
minimised [Moor 1987]. However, barley dormancy persisting after harvest is problematic for the 
brewing/malting industry, because it delays the malting of barley grain and therefore causes 
financial loss [Jacobsen et al. 2002]. Most Australian barley varieties now have low levels of 
dormancy. Generally speaking, this trait of dormancy is expressed only when weather is cool and 
wet. In order to optimise the quality of malting barley marketed for the brewing industry, the 
mechanism of dormancy/post-harvest maturation of barley varieties warrants further investigation, 
which is here carried out for some typical Australian varieties.  
It has been reported that dormancy is influenced by a number of factors[Debeaujon and 
Koornneef 2000; Donohue 2005], such as variety difference, Gibberellic acid, storage conditions 
etc. There are genes identified as relating to the trait of dormancy and pre-harvest sprouting. 
However, dormancy is not only controlled by genetic heritage. Gibberellic acid has been proven 
also to impact on barley dormancy [Schuurink et al. 1992]. Grain storage conditions are of course 
also correlated to the level of barley dormancy. There a report on the contribution of non-embryonic 
tissues to seed dormancy [Groot et al. 1988]. The previous studies have suggested a germination 
model based on the balance between embryo growth and the dormancy resistance of the endosperm 
[Karssen and Groot 1987]. As the largest tissue of barley grain, the endosperm plays an important 
role in the germination during malting, especially providing physical protection before germination 
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initiates. Further, as the storage tissue, it is the main energy source for the barley seed to survive and 
develop. The endosperm of barley grain comprises mostly starch, which is hydrolysed into sugars 
during mashing and then becomes the substrate for alcoholic fermentation in brewing. As the 
dominant component of endosperm, the characteristics of starch determine the physical and 
chemical features of endosperm in barley grain [Ragaee and Abdel-Aal 2006], such as the volume, 
firmness, crystallinity and potential fermentability. It is thus likely that starch structure is related to 
the level of barley dormancy. First of all, the germination of barley grain depends on the starch in 
endosperm to break down and supply energy for the development of the embryo. It is known that 
starch structure has significant impacts on hydrolysis rate, e.g. [Syahariza et al. 2013]. Certain 
aspects of starch structural features can make it more difficult to degrade the starch molecules in the 
endosperm, which may lead to a shortage of the sugars that fuel the germination. Furthermore, the 
firmness of the endosperm is crucial to germination since the developing embryo has to overcome 
the restraint of surrounding tissues to be able to grow further. If the firmness of the endosperm 
outweighs the force that can be exerted by the developing embryo, barley grain germination is 
delayed and dormancy may occur. Since endosperm comprises mostly starch, its firmness is related 
to the starch characteristics. It used to be a challenge to study starch structure fully at molecular 
levels due to technical difficulties and starch’s complex structure at multiple levels [Gidley et al. 
2010]. New and improved characterisation methods are applied in this study to carry out a more 
complete characterisation of starch structure for barley than previously obtained. This study aims to 
elucidate whether or not there is a correlation between starch structure and barley dormancy. 
 
4.2. Materials and methods  
4.2.1. Samples and grain composition 
 Nine Australian barley varieties are selected, based on different levels of potential dormancy. 
All of the varieties were grown in 2011 at Hermitage Research Station (Warwick, Queensland, AU).  
The trial was grown in an alluvial black cracking clay with unlimited water through drip irrigation.  
Seed was sown at 50 mm in 5 m rows in field replicates. A plastic cover was placed over the trial 
from the period post-anthesis until harvest which was at physiological maturity.  Grain was gently 
threshed and stored in 8oC dehumified (30%RH) store room until being analyzed for its starch 
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structure and germinative energy. The selected barley grain samples and their abbreviations are 
shown in Table 4.1. A small amount of un-treated barley grain samples of each variety are collected 
for the characterisation of starch molecules and grain composition analysis prior to the germination 
tests. The un-treated barley grains were then ground into fine flour by a cryogenic mill 
(Freezer/Mill 6850, SPEX, Metuchen, NJ). The cryogenic mill was programmed to carry out 2 
cycles of 5 min grinding with a 2 min cooling break in between. The total starch and protein 
contents of all samples were obtained using methods described elsewhere [Syahariza et al. 2013]. 
The total starch and protein results are shown in Table 4.1.  
4.2.2. Starch extraction from barley grain/malt  
Prior to brewing, a small amount (approximately 5 g) of barley grain/malt from each variety 
was preserved for starch extraction and structural characterisation. The starches in these barley 
grain/malt samples were extracted using a method involving cryogenic milling, protease treatment, 
dissolution with DMSO with 0.5% w/w LiBr and ethanol precipitation [Syahariza et al. 2010] to 
purify and dissolve starch. All the ground barley flour samples were incubated with protease and 
sodium bisulfite solution for protein removal. Then ethanol precipitation and centrifugation were 
used to remove other non-starch components. The purified starch was treated with isoamylase to 
debranch the molecules, then neutralized to pH 7 by 0.1 M NaOH before being placed for 2 h in a 
water bath at 80 °C. The debranching method is from a previous study [Hasjim et al. 2010; Wu et al. 
2014]. After, this, half of each starch sample was dissolved in DMSO/LiBr solution (99.5% / 0.5%, 
w/w) to achieve complete dissolution for SEC analysis, and the rest of starch was freeze-dried 
before preparation for CLD analysis by FACE. Dimethyl sulfoxide (DMSO, GR grade) was 
purchased from Merck Co. Inc. (Kilsyth, VIC, Australia). Protease from Streptomyces griseus (type 
XIV), and LiBr (ReagentPlus) were purchased from Sigma-Aldrich Pty. Ltd. (Castle Hill, NSW, 
Australia). Isoamylase (from Pseudomonas sp.) and D-glucose (GOPOD Format) kit were 
purchased from Megazyme International, Ltd. (Bray Co., Wicklow, Ireland). All chemicals used are 
at least reagent-grade.  
 
4.2.3.  Germination tests on barley grain  
Germination tests were carried out to determine the actual germination energy of each barley 
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variety. The barley grains were first placed in Petri dishes with a filter paper as the base, as shown 
in Figure 4.1. There were 50 grains in each dish and each barley variety was in four dishes filled 
with grains. The Petri dishes with barley grains were then ladled and placed in a germination 
cabinet where the moisture, light and temperature were precisely controlled. For this germination 
test, the light was constantly on and moisture was about 45% with a fixed temperature of 19 °C. All 
the barley grains were given 5 mL of initial water in the Petri dish. The water supply was ensured 
by regular water spray for 3 times a day until the end of this test. In order to monitor the 
germination rate throughout the first 5 days of germination, the number of germinated barley grains 
in each Petri dish was counted at four point: 24, 48, 54 and 124 h. The counts of germinated grains 
were used to calculate the germination rate of each barley variety at the four times. 
  
Figure 4.1. Barley grain in Petri dishes for germination tests.  
 
 
4.2.4. Size-exclusion chromatography 
Size exclusion chromatography (SEC), also known as gel permeation chromatography (SEC) 
system (Agilent Technologies, Waldbronn, Germany) was used to analyse the weight distributions 
of debranched starches from barley samples. The SEC system was equipped with a refractive index 
detector (RID, ShimadzuRID-10A, Shimadzu Corp., Kyoto, Japan). In order to achieve sufficient 
separation of debranched starch molecules, a number of SEC columns were used (GRAM 
precolumn and GRAM 100 and GRAM 1000 columns, PSS, Germany). The separation took place 
in an over set at 80 °C. The mobile phase in the system was DMSO/LiBr solution (99.5% / 0.5%, 
w/w). The flow rate was set at 0.6 mL/min. Calibration used Pullulan standards (peak molecular 
weights from 342342 to 2.35 × 10
6
) from PSS Company (Mainz, Germany). The SEC elution 
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volume was converted the hydrodynamic volume (Vh) or the corresponding hydrodynamic radius 
(Rh) using the Mark-Houwink relation. The Mark−Houwink parameters K and α of pullulan in 
DMSO/LiBr at 80 °C are 2.424 × 10
−4
 dL/g and 0.68 [Cave et al. 2009]. The Mark−Houwink 
parameters of debranched starch under the same conditions are 0.0150 mL g−1 and 0.743, 
respectively [Liu et al. 2010]. Because of the problems cause by shear scission [Cave et al. 2009], 
the SEC distribution of whole barley starch molecules would be inaccurate, and was not analysed.  
4.2.5. FACE of APTS-labeled linear glucans  
The barley/malt samples were debranched to linear glucans using a new method [Wu et al. 
2014] before being analysed via FACE to obtain the chain length distribution (CLD). Separation of 
the labelled linear glucans was performed on a PA-800 Plus System and monitored with a 
solid-state laser-induced fluorescence (LIF) detector with an argon-ion laser as the excitation source 
(Beckman-Coulter, Brea, CA, USA). The capillary used was a 50-µm diameter N–CHO-coated 
capillary (included in the Carbohydrate Labelling and Analysis Kit). Carbohydrate separation buffer, 
also included in the kit, was used as the separation medium. The effective separation length of the 
capillary was 40 cm. The sample was introduced into the capillary by pressure injection for 3 s at 
0.5 psi (3.4 kPa above atmospheric). Separation of the labelled linear glucans was achieved using an 
applied voltage of 30 kV (current ∼14 mA) at 25 ◦C. 90 min total separation time was used to 
separate the first ∼160 peaks, this FACE set-up being able to give good results for much higher 
degrees of polymerization than normally achieved. The areas of the peaks give the relative amount 
of glucans with different mass directly (the DPs of glucans in adjacent peaks differ by 1). The 
sample storage temperature in the PA-800 Plus System was 18 ◦C. 
4.2.6. X-Ray Diffraction analysis for crystallinity  
The crystalline structure of starch samples was analysed using a D8 Advance X0ray 
diffractometer (Bruker, Madison, WI, USA), where diffractograms were recorded over an angular 
range (2) of 3-40 ˚, with a step size of 0.02 ˚, and a rate of 0.5 s per step. The radiation parameters 
were set at 40 kV and 30 mA. The degree of crystallinity was calculated using a published method 
[Chaleat et al. 2012] using PeakFit software (Version 4.12 Systat Software, Inc., San Jose, CA, 
USA). 
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4.2.7. Statistical analysis  
Analysis of variance (ANOVA) was carried out in MiniTAB (Minitab, Inc., State College, PA) 
to analyse the mean values, standard deviations and correlations between starch content, protein 
content, amylose content, moisture content, peak values of size distributions of whole starch 
molecules and starch branches. The significance of correlations was determined as p < 0.05. 
4.3. Results and discussion  
4.3.1. Grain composition  
The compositions of the barley samples are presented in Table 4.1. All grains have similar 
moisture contents, ranging from 10% to 12%, probably because all samples were stored under 
similar conditions. The total starch content results show some diversity among the nine varieties. 
Schooner barley grain had the highest total starch content of 61%, Grout, Gairdner, Shepherd and 
Triumph grains had similar starch contents, 56 – 58%. Commander, Keel and Mackay barley grains 
all had similar starch contents, 53 – 54%, while Tallon had the lowest, ~ 50%.  
These nine varieties were divided into two groups, based on protein content. Shepherd, Tallon, 
Schooner, Grout, Keel, Triumph and Mackay barley grains were in the first group, with protein 
content 10 – 11%. Commander and Gairdner were assigned to the second group, with protein 
content 9 – 10%.  
The degrees of crystallinity of all nine barley samples are presented in Table 4.2. Grout barley 
grain has the highest degree of crystallinity of 18.5%, Schooner, Gairdner and Mackay barleys have 
similar but slightly lower degree of crystallinity, 16 – 17%, while the remaining varieties have 
degrees of crystallinity 12 – 15%, with Keel barley having the lowest at 11.4%.  
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  Table 4.1.  Barley sample list and grain composition 
Samples Sample name 
abbreviation 
 Potential level of 
dormancy  
Initial moisture 
content 
 (%) 
Total starch 
content 
(%) 
Total crude 
protein  
(%) 
Shepherd SH Moderate 11.85±0.49A 57.85±0.50B 10.05±0.35AB 
Tallon 
 
TA Moderate 
10.8±0.85A 50.05±0.35E 10.85±0.49AB 
Commander 
 
CO Low 
11.45±0.35A 54.85±0.78CD 9.8±0.14B 
Schooner 
 
SC Very low 
10.65±0.21A 60.8±0.42A 10.75±0.48AB 
Grout GR Low to Moderate 11.5±0.28A 56.15±0.35BC 10.05±0.34AB 
      
      
Keel 
 
KE Low 
10.75±0.21A 53±0.42D 10.35±0.22AB 
Gairdner 
 
GA Low to Moderate 
11.45±0.21A 56.15±1.06BC 9.8±0.05B 
Triumph 
 
TR Moderate 
11±0.14A 57.85±0.35B 10.65±0.36AB 
Mackay MA Moderate 10.9±0.99A 54.5±0.84CD 11.2±0.28A 
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4.3.2. SEC size distribution of starch branches  
The SEC size distributions of debranched starch from the barley/malt samples are presented in 
Figure 4.2. These distributions have been normalised to the height of the highest peak, which is the 
first amylopectin (Ap) peak. The distributions of all starch branches indicate two higher peaks of Ap 
branches and two lower peaks of amylose (Am) chains. The two Ap peaks, Ap1 (0.5 nm < Rh < 2 
nm, DP 5~30) and the second, Ap2 (2 nm < Rh < 4 nm, DP 30 –100) are the well-known single and 
trans-lamellar chains, respectively. There are at least two peaks of Am branches (Rh > 4 nm, DP > 
100), denoted Am1 and Am2. Similar Am multiple AM components have been reported in previous 
studies [Wang et al. 2014a; Ward et al. 2006]. The chain lengths, X, at the different peak maxima of 
Ap and Am branches are given in Table 4.2. The heights of the peak maxima of Ap2 and both Am 
chains in the debranched SEC weight distributions are shown as the ratios to the height of the Ap1 
peak, the highest peak. The ratios, hAp2/Ap1, hAm1/Ap1 and hAm2/Ap1, indicate the relative 
amount of each type of branches. Most of the results show some differences in terms of XAp1, 
XAp2, XAm1, XAm2, hAp2/Ap1, hAm1/Ap1 and hAm2/Ap1. For example, the TA barley starch 
has the highest hAp2/Ap1  ratio of 0.72, while SH barley starch has the lowest hAp2/Ap1  ratio 
of 0.57, the rest of barley starches have hAp2/Ap1  ratios ranging from 0.61 to 0.67, with seven 
varieties in the range. Schooner starch has significantly higher XAm1 than all other varieties, with 
the lowest XAm1 belonging to SH barley starch.  
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Table 4.2. Molecular structure of Barley starches and degree of crystallinity. Standard deviation of crystallinity is within 1-3%. Values 
with different letters in the same column are significantly different with p < 0.05.  
Sample DP of peak maximum in SEC weight distribution of 
debranched starch 
Height of peak maximum in SEC weight distribution of 
debranched starch as ratio to Ap1 peak height 
 
Degree of 
Crystallinity 
XAp1  XAp2 XAm1 XAm2 hAp2/Ap1 hAm1/Ap1 hAm2/Ap1 
(%) 
SH 22.5±0.7CD
 
 38.5±0.6CD
 
 299.5±7E 
 
 1267±19G  0.57±0.01E 0.17±0.01AB 0.21±0.01ABC 15.6 
TA 25.5±0.3AB
 
 46.5±2.1A
   
 336±8D
 
 1694±13E
 
 0.72±0.01A 0.13±0.00CD 0.25±0.01A 12.9 
CO 21.5±0.7D
 
 41.0±1.4ABCD  398±4AB
 
 2144±55C
  
 0.64±0.01CD 0.18±0.01A 0.23±0.02ABC 13.2 
SC 27.0±0.1A
 
 45.5±2.1AB 415±4A
 
 1500±17F
  
 0.61±0.01D 0.16±0.01ABC 0.19±0.01C 17.9 
GR 27.5±0.5A
 
 37.0±1.5D 332±4D
 
 2205±16BC
 
 0.64±0.00BC 0.15±0.01BCD 0.27±0.01A 18.5 
KE 24.0±0.7BC
 
 47.5±2.1A
 
 380±2BC
 
 2307±45B
  
 0.65±0.00BC 0.17±0.01AB 0.27±0.01A  11.4 
GA 25.5±0.7AB
 
 43.5±2.0ABCD
 
 298±6E
 
 2310±8B
  
 0.64±0.00CD 0.18±0.01A 0.19±0.00BC 17.3 
TR 27.5±0.3A
 
 39.5±0.8BCD  364±5C
 
 1808±18D
  
 0.64±0.00BC 0.14±0.01CD 0.24±0.01AB 12.1 
MA 23.5±0.2BCD
 
 44.0±1.4ABC
 
 362±5C 2442±27A 0.67±0.01B 0.13±0.01D 0.23±0.01ABC 16.4 
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Figure 4.2. SEC weight distribution of debranched starch molecules from barley samples 
(part). 
 
4.3.3. CLDs of amylopectin branches  
The CLDs of debranched starches obtained via FACE are presented in Figure 4.3, showing 
CLDs typical of those in literature. The amylopectin chains are have X < 100, and the amylose 
chains have X ≥ 100. All CLDs of barley chains were fitted with the amylopectin biosynthesis 
model [Wu and Gilbert 2010; Wu et al. 2013], in order to obtain information about the activities of 
the core starch synthesizing enzymes and highlight the characteristics of barley amylopectin 
structure. Fitted parameters are presented in Table 4.3. There are some noticeable differences in the 
CLDS among the barley samples water. TA starch has the largest h(iii, i)  and SH has the lowest 
h(iii, i). These Ap FACE distributions are much more accurate those from SEC (the two being 
related by w(logX) =X2 Nde(X) [Castro et al. 2005b] because they do not suffer from any problems 
due to band broadening and calibration. 
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Figure 4.3.  CLDs of debranched starch obtained via FACE, as the number distribution 
(arbitrary units). Although the data are separate points, they are presented here as lines for 
clarity. 
 
 
4.3.4. Germination rates/dormancy levels of barley grains  
 The results of germination tests are presented in the Table 4.4. At 24 h, there were already 
strong signs of germination from every barley variety except the TR and GA, which had only one or 
zero germinated grains per Petri dish. At 24 h, the SC and CO barleys have the highest germination 
rate of 35.5 – 37.5%, which is understandable since these barleys are chosen to have low dormancy. 
SH and GR barleys have similar but relatively lower germination rate of 20.5 – 27%. TA, KE and 
MA barleys have approximately the same germination rate (5 –10.5%). GA and TR barleys share 
the lowest germination rate of 0.5% – 1% at 24 h. Finally, at 124 h, SC has the highest germination 
rate, 95%, CO is the second highest, 47%, which is very similar to SH barley with 46.5%. GR, KE, 
GA and MA barleys have germination rates ranging from 21 to 34%. TA barley has the second 
lowest germination rate, 16.5% while TR barley has the lowest rate, 5.5%. 
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Table 4.3. Parameters from fitting the CLDS to the model. 
 
Sample name Fitting parameters 
β(i) β(ii) β(iii) β(iv) β(v) β(vi) h(iii, i) h(v, i) 
SH 0.169 0.0585 0.033 0.0146 0.0514 0.00695 0.056 0.0148 
TA 0.141 0.0872 0.0227 0.0416 0.0314 0.00406 0.0733 0.00419 
CO 0.12 0.0608 0.0248 0.0246 0.0142 0.0039 0.064 0.0137 
SC 0.154 0.0895 0.0248 0.0329 0.0138 0.0176 0.0603 0.00267 
GR 0.12 0.0615 0.0244 0.0253 0.00022 0.0305 0.0642 0.0142 
KE 0.12 0.062 0.0245 0.025 0.000959 0.0172 0.065 0.0125 
GA 0.121 0.0618 0.0245 0.0255 0.0213 0.0069 0.0636 0.0142 
TR 0.12 0.0619 0.0238 0.0265 0.000119 0.019 0.0647 0.0135 
MA 0.12 0.0625 0.0241 0.0257 0.0026 0.0166 0.0658 0.0125 
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Table 4.4. Germination rates of barley grains. Results are presented as the number of 
germinated seeds out of a hundred. Values with different letters in the same column are 
significantly different with p < 0.05. 
 
 
 
4.3.5. Correlations between starch structure and dormancy level of barley grain 
The correlations between starch structural characteristics and barley dormancy levels are 
presented in Table 4.5. There are a number of possible correlations (absolute values of R > 0.5) 
between barley dormancy at different stages of germination and the starch structure features:  
The positive correlation between total starch content and germination rate at and beyond 48 h.  
The positive correlation between starch crystallinity and germination rate at and beyond 48 h. 
The negative correlation between hAp2/Ap1 and the related quantity h(iii,i), and germination 
rate at and beyond 54 h. 
The negative correlation between hAm2/Ap1 and germination rate at and beyond 54 h. 
The positive correlation between β(i) and germination rate at and beyond 48 h. 
However, the p values of all these possible correlations are larger than 0.05, which means none 
of the correlations are statistically significant. These results indicate two possibilities: there are no 
correlations between starch structure and barley grain dormancy, or that the sample size in this 
Samples Germination rate 
at 24 h 
 
Germination 
rate at 48 h 
 
Germination rate 
at 54 h 
 
Germination 
rate at 124 h 
 
SH 20.5 ± 0.7B 38.5 ± 2.1 BC 42.5 ± 2.1 B
 
46.5 ± 0.7B 
TA 5.0 ± 1.4CD 14.5 ± 2.1 E 15.0 ± 1.4 D 16.5 ±0.7E 
CO 37.5 ± 3.5A 44.5 ± 0.7 B 44.5 ± 0.7 B 47.0 ± 1.4B 
SC 35.5 ± 2.1A 77.5 ± 3.5A 92.5 ± 2.1 A 95.0 ± 1.4A 
GR 27.0 ± 1.4B 33.0 ± 1.4 CD 33.0 ± 1.4 C 34.0 ± 2.8C 
KE 9.0 ± 1.4C 12.5 ± 0.7 E 18.0 ± 2.8 D 21.0 ±1.4DE 
GA 1.0 ± 1.4D 15.5 ± 0.7 E 17.0 ± 1.4 D 24.5 ± 0.7D 
TR 0.5 ± 0.7D 2.0 ± 2.8 F 4.0 ± 2.8 E 5.5 ± 0.7F 
MA 10.5 ±0.7C 29.0 ± 2.8 D 30.0 ± 1.4 C 30.5 ± 0.7C 
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study is relatively small (only nine varieties), which can only show some potential correlations 
between starch structure and barley grain dormancy but not enough samples to provide a valid 
significance of the correlations. However, the possible correlations (with p values > 0.05) observed 
in this study are straightforward to rationalise. A negative correlation between hAp2/Ap1 (and 
related quantities h(iii,i) and β(i)) and germination rate would indicate that the germination rate 
decreases when there are more Ap2 branches in the barley: in other words, the germination rate 
increases if there are more Ap1 branches in the barley; it is known that shorter Ap branches are 
hydrolysed much more quickly [Chu et al. 2014] and therefore are more capable of providing 
sufficient sugar/energy supply for the development of embryo during germination. The possible 
negative correlation between hAm2/Ap1 and germination rate, if significant, means that the 
germination rate decreases when the amount of Am2 branches increase, which could be because the 
longer Am branches are hydrolysed by degrading enzymes more slowly and are not capable of 
giving good sugar/energy supply for the grain to develop. The correlation between longer Am 
branches and slower hydrolysis of starch has already been established [Syahariza et al. 2013]. Thus 
while none of the correlations between barley dormancy and starch structure is statistically 
significant (p > 0.05), they are reasonable. The possible correlation with starch content could be 
because more starch is easier to swell (because there will be relatively less protective protein and 
non-starch polysaccharides) and provides more sugars for grain development. However, other 
possible correlations are in fact against expectation. 
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Table 4. 5. Correlations between starch structure and dormancy level of barley grain. The 
values in bold are larger than 0.5.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Pearson correlations 
 Germination rate 
at 24 hr 
 
Germination 
rate at 48 hr 
 
Germination rate 
at 54 hr 
 
Germination 
rate at 124 hr 
 
Moisture 0.198  -0.002  -0.078 
 
 
-0.048 
Total starch 0.402  0.566 0.606 0.619 
Total protein -0.268  -0.006 0.023 -0.02 
Crystallinity 0.358 0.559 0.522 0.539 
     
XAp1 -0.223  -0.093 -0.030  -0.045  
XAp2 -0.253  -0.014 0.053 0.063  
XAm1 0.486 0.450 0.480 0.444 
XAm2 -0.222 -0.364 -0.413 -0.408 
hAp2/Ap1 -0.451  -0.497 -0.522 -0.551  
hAm1/Ap1 0.341  0.236 0.250 0.304 
hAm2/Ap1 -0.136  -0.483 -0.509 -0.555 
     
β(i) 0.284 0.509 0.544 0.552 
β(ii) 0.145 0.407 0.459 0.442 
β(iii) 0.234 0.257 0.251 0.274 
β(iv) -0.144 -0.016 0.011 -0.014 
β(v) 0.041 0.163 0.155 0.186  
β(vi) 0.104 0.046 0.065 0.029 
h(iii, i) -0.436 -0.503 -0.522 -0.549 
h(v, i) -0.159 -0.424 -0.480 -0.460 
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4.4. Conclusion 
This study is the first one to search for correlations between barley dormancy level and starch 
fine structure. Even though the possible correlations suggested by the data are not statistically valid 
at the level of p < 0.05, some are reasonable. Future work with a much larger number of samples is 
needed to test these hints. If indeed statistically valid correlations between starch structure and 
dormancy are found, it opens a whole new door for barley breeding and provide new insights for the 
brewers to choose suitable materials. There is the possibility that dormancy is quite unaffected by 
starch structure, but by some non-starch component of the grain: protein, lipid or non-starch 
polysaccharide (or some combination of these). Just as one can make reasonable postulates as to 
how certain aspects of starch structure could affect dormancy, one can also do the same for the 
non-starch components. 
   The need for further experimental data to establish reasonable and statistically valid 
understanding of what controls dormancy, as this then provides a target for barley breeders, maltsers 
and brewers.  
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5. Final conclusion 
Barley is widely grown for food, feed and brewing all around the world. In Australia, barley 
export is an important income for many farmers. Since the major international buyers on the barley 
market are all brewing companies, it is very crucial that the exported Australian barley is of good 
brewing qualities that will deliver satisfactory results during beer production.  
This PhD project has, for the first time, investigated part of the fundamental relations between 
starch molecular structure and the brewing properties of barley grain and malt.    
As the results indicate, there are at least three aspects of barley brewing properties where 
starch find structure characteristics have impacts on:   
a. During the germination of barley grain, the shorter amylopectin chains are hydrolysed at a 
significantly (p < -0.05) faster rate. Therefore, if there are larger amount of short amylopectin 
chains in the endosperm of barley grain, it makes the degradation of endosperm much less 
difficult and require shorter time to further hydrolyse the starch in barley. This finding is 
important because it gives the mechanism of starch degradation during malting, which largely 
influences the quality of malt. High quality malt is the most long-term popular products on the 
international barley market. 
b. The correlations between starches and the fermentability of barley grain and malt have been 
established. It does not matter whether the brewing method is conventional malt brewing or 
newly developed method with enzyme combining barley grain, the impacts of starch structure 
on barley fermentability are always valid and of great importance for barley and brewing 
industry. This study has proven, for the first time, that barley grain and malt that contain a larger 
amount of shorter amylopectin branches have significantly (p < 0.05) higher fermentability. This 
means that barley breeder can improve the brewing properties of the barley varieties by 
developing more barley varieties that synthesis and store more short amylopectin molecules in 
the endosperm. This is a completely new way of improving the brewing quality of barley. 
c. The results of this study have shown some potential correlations between barley starch fine 
structure and dormancy levels. However, the statistical significance of these observed 
correlations is too poor to confirm any definite relations. There are two possible reasons to 
explain the situation. Either there is no correlation between barley dormancy level and starch 
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structure at all, or, the samples size used in this study is too small to determine significant 
correlations.   
      Since this Ph.D. project has examined the effects of starch structure on the brewing 
properties of barley, the results of this study have certainly provided new knowledge for modern 
barley breeding and planting programs. There are also some interesting directions for the future 
research to follow up this study. 
1. Collect a larger samples size with more barley varieties to investigate the potential 
correlations between barley dormancy and starch structure. A larger sample size could 
probably bring out new results. 
2. Develop new methods to apply easy and cheaper tools to determine the quality of starch 
(starch structure) for brewing and malting industry. At the moment, the starch 
characterisation is time consuming and expensive. New methods and tools need to be 
developed or invented for the brewing and malting industry to adopt and benefit from the 
new findings of this study. One potential new method is to combine SEC/FACE with Near 
Infrared reflectance spectroscopy to identify grains with desirable starch. Compared to SEC 
and FACE, NIR is much cheaper and quicker to conduct analysis and give results. The 
challenge will be to create calibrations for NIR based on SEC/FACE data. 
3.  Use starch quality (structure features) as a screening criterion to select barley varieties with 
high potential to breed more desirable barley for brewing and malting industry. Currently 
the cost of running SEC/FACE has limited the use of these techniques in brewing industry. 
Hopefully the new methods and tools described above can be developed and therefore used 
to improve product quality.  
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